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Abstract 

A series of fluorescent probes based on different signal transduction 

mechanisms for the detection of Fe3+, Zn2+, histidine and pH was designed and 

synthesized. Their photophysical properties, binding abilities and the further 

application in cell imaging were fully evaluated. 

Building on the groundwork of our previous study, molecular scaffold 19 has 

been appended to spirobenzopyran fluorophore to furnish a highly selective and 

sensitive Zn2+ sensor. To broaden the application scope of this trifunctional 

receptive molecule, 19 was incorporated onto rhodamine, antipyrine and coumarin 

moieties to give 20, 21 and 23, respectively. Probe 20 operative on a 

chelation-enhanced fluorescence mechanism exhibited highly selective response 

to Fe3+ with 2:1 stoichiometry of 20-Fe3+ complex. However, a possible tendency 

of probe 20 to hydrolyze induced by Fe3+ and the unsuccessful attempt of cell 

imaging would limit its application scope. 

Probe 21 with O-N-N-N-N-ligand showed a highly selective and sensitive 

detection of Zn2+. The probe displayed suppressed response to Cd2+ which is the 

most common interference ion in zinc metal detection. The binding of Zn2+ to 

probe 21 inhibited the photoinduced electron transfer process originating from the 

lone pair of the nitrogen atom in the antipyrine moiety to quinoline fluorophore. 

Therefore, a turn-on fluorescent probe was developed. A moderate binding 

constant with 1:1 stoichiometry of 21-Zn2+ complex was established by 

fluorescence titration. The binding mechanism was fully explained by 1H NMR 
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titration. To our delight, probe 21 was successfully applied for recognizing Zn2+ in 

living cells. 

The preparation of probe 23 was achieved by appendage of 19 to coumarin 

derived fluorophore and the probe exhibited a good selectivity and fluorescent 

turn-off property to Cu2+. The 1:1 stoichiometry of 23-Cu2+ ensemble can serve as 

an efficient probe for the detection of histidine and biothiols. In the presence of 

NEM, the influence of biothiols could be eliminated. Furthermore, this sensing 

ensemble was also used in the detection of histidine in hard-to-transfect U87MG 

cells with very low cytotoxicity. 

Based on our group’s previous work on the spiropyran platform, a novel 

ratiometric near-infrared pH probe 27 operating on an excited-state intramolecular 

electron transfer mechanism was developed. The pKa was calculated to be 5.9 and 

the ring-opening/ring-closing mechanism triggered by protons was reasonably 

explained by 1H NMR titration. However, this spiropyran-based probe was found 

to be unsuitable for cell imaging. 

To continue the innovation of pH sensing and extend its application in 

bioimaging, a series of ratiometric pH probes 32 and 38 characterized by their 

high quantum yield working in the NIR range was developed. The appendage of 

N,O-disubstituted hemiaminal ether moiety onto coumarin fluorophore with C=C 

double bond conferred the sensory material with the ability to display a 

pH-dependent ratiometric output operating on the ring-opening/ring-closing 

mechanism. The pKa of 32 and 38 were 6.9 and 5.8 – 6.0, respectively, which 
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rendered them suitable for pH measurement in near-neutral and acidic media. A 

preliminary work of intracellular pH measurement was also conducted and 

promising results were obtained. 
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Chapter 1   Introduction 

1.1 Why fluorescence? 

According to the definition given by IUPAC, a chemical sensor is a device that 

transforms chemical information, including the concentration of a specific 

chemical species, into an analytically useful signal.1 As a kind of sensor, chemical 

sensors comprise two basic functional units: a receptor part and a signal 

transducer part. These functional units play an important role in the conversion of 

chemical information into analytically measurable signals.2 In the context, the 

operating principle of the transducer, chemical sensors may be classified into six 

categories: (a) optical devices, (b) electrochemical devices, (c) electrical devices, 

(d) mass sensitive devices, (e) magnetic devices, and (f) thermometric devices.1 

Among them, optical devices can be further subdivided according to the type of 

optical properties such as absorbance, reflectance, luminescence, fluorescence, 

refractive index, optothermal effect and light scattering. Compared with other 

optical sensors, fluorescent chemical sensors have attracted particular attention in 

the in vitro and in vivo detection of trace amounts of cations, anions or small 

molecules owing to its versatility, high selectivity/sensitivity, reliability and 

reproducibility, low limit of detection (LOD), low cost, noninvasiveness, and 

potential application in real-time and real-space analysis.3-5 Over the last 20 years, 

numerous fluorescent sensors have been designed and synthesized displaying 

outstanding sensory properties such as high quantum yield, long emission 
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wavelength, large Stokes shift and long lifetime.6-12 It is noteworthy that these 

sensors were extensively applied as biomolecular labels, environmental indicators, 

cellular stains and cell imaging agents etc.8, 13-17 

To emit fluorescence, a substance must absorb light or other electromagnetic 

radiation. After the absorption, a molecule will be excited to higher electronic 

state. Fluorescence occurs when molecule returns to its electronic ground state 

from excited singlet state by emission of a photon. For fluorescent sensors in 

cellular applications, a longer excitation/emission wavelength is more desirable 

due to lower energy source minimizing the damage of cells as well as avoidance 

of autoabsorption and autofluorescence from the cellular substances.18 To 

actualize this goal, sensors which can absorb and/or emit in the red or near 

infrared (NIR, 650 – 900 nm) range have attracted increased attention from 

scientists because of their excellent properties compared with that of the sensors 

displaying maximum fluorescence emission in the UV/Visible region.19 For 

example, NIR sensors can not only reduce or avoid the interference from 

undesirable background absorption, fluorescence and scattered light signals, but 

also penetrate more deeply into tissues with less damaging effect. These 

properties make the NIR sensors more suitable for biological fluorescence 

imaging.20 As a cutting edge research area in sensor community, to design and 

synthesize new NIR sensor that can be used in biological systems is still a great 

demand and challenge. 
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1.2 Molecular Recognition 

Molecular recognition is based on specific non-covalent interactions between 

two or more molecules to form a host-guest complex.21 The binding forces 

activating the recognition process include hydrogen bonding, metal coordination, 

hydrophobic forces, van der Waals forces, π-π interactions, halogen bonding and 

electrostatic effects. This area is also regarded as an important part of 

supramolecular chemistry.22 

To design a molecular recognition system, two crucial factors should be 

deliberately considered. The first one is receptor part, where the binding sites 

should provide strong bonding ability for a target molecule over other interfering 

analytes so as to confer high selectivity and sensitivity. The second one is signal 

transducer part which is associating with a unique signal transduction mechanism. 

The signal transducer part should respond to the molecular interaction, and 

subsequently manifest a detectable variation of signal intensity through a certain 

signal transduction mechanism such as fluorescence enhancement (“turn-on”) or 

quenching (“turn-off”). 

In addition to the above-mentioned factors, for the design of novel optical 

chemical sensors, other elements should also be considered including: (1) higher 

water solubility could facilitate the application in biological systems; (2) except 

for pH sensors, pH insensitivity renders the detection of analyte possible in a wide 

pH range; (3) minimal consumption of material; (4) fast detection rate and (5) 

easy to be obtained in terms of preparation. 



 

 4 

1.3 Signal transducer parts 

Over the last decades, fluorescent sensors have been widely used in the 

detection of cations, anions, small molecules, and have further become an 

essential tool in the biological and medicinal area.13-15, 17, 23 To display the 

intermolecular interactions on a molecular scale and visualize by appropriate 

instrumentation, a deliberately chosen signal transducer part or fluorophore is 

necessary. Up to now, an array of organic dyes operative in the UV/Visible and 

NIR region have been designed and synthesized,10, 18, 24-28 but they are still based 

on a limited number of fluorophores exemplified by: (a) coumarin; (b) 

polyaromatic groups; (c) xanthene; (d) BODIPY; (e) cyanine and (f) squaraine. 

1.3.1 Coumarin 

Coumarin (2H-chromen-2-one), whose name comes from a French term, 

coumarou, was first isolated in 1920. Its derivatives, 7-hydroxylcoumain (2) and 

7-aminocoumarin (3), have been extensively used for fluorescent labeling. 

Generally, coumarin derivatives display excellent photophysical properties such 

as high quantum yields, large Stokes shift and high photostability, but the short 

excitation wavelength (300 – 400 nm) limits their application in bioimaging. For 

example, 3-carboxy-7-hydroxycoumarin (4), which was designed as a pH probe, 

has an excitation maximum at 386 nm with pKa = 7.5 (phenolic hydroxyl group). 

Hence, the extension of conjugation system of coumarin is a promising approach 

to overcome this shortcoming. Min et al29 utilized palladium-catalyzed aerobic 

oxidative Heck reaction to synthesize a series of coumarins bearing olefins at 
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C3-position. Gordo et al27 synthesized a large class of delocalized π-electron 

systems by Heck coupling reaction of aryl halides with 3-vinyl or 3-styryl 

coumarins with good to excellent yield. According to the tunable substituent in 

aryl group and 7-position of coumarins, the emission spectra can fully cover the 

visible range even to the NIR range. 

Fig. 1-1 Typical structures of coumarin and its derivatives. 

 

The uses of coumarins are as diverse as the structures of the over 1000 different 

derivatives in the coumarin family. Among them, 7-hydroxycoumarin (2), also 

known as umbelliferone, is often chosen as the starting material to design and 

synthesize new fluorescent sensors. For example, probe 5 (Fig. 1-2) reported by 

Yang and coworkers, was designed for intracellular detection of β-D-glucosidase 

and phosphodiesterase I simultaneoulsy, characterizing by its novel 

triple-signaling output.30 
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Fig. 1-2 Selective probe 5 for the simultaneous detection of β-D-glucosidase and 

phosphodiesterase I. 

 

1.3.2 Polyaromatic groups 

Polycyclic aromatic hydrocarbons, including naphthalene, anthracene and 

pyrene derivatives (Fig. 1-3), are widely used as the fluorescent display unit in 

fluorescent probes. Change of monomer/excimer emission occurs when two 

molecules are within a far/close distance. This characteristic has become the 

essential part for the design of a ratiometric probe. 

 

Fig. 1-3 Structures of naphthalene, anthracene and pyrene. 

 

Dansyl chloride (6), naphthalimide (7), naphthalenediimide (8) and 

2-acetyl-6-aminonaphthalene (9) (Fig. 1-4) are typical naphthalene-based 
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fluorophores and are commonly used for the design of fluorescent probes. It is 

worth noting that compound 9 has been widely used to design a large class of 

two-photon fluorescent probes for the detection of cations, anions, reactive 

oxygen species (ROS) and other small molecules.31-35 

 

Fig. 1-4 Structures of dansyl chloride 6, naphthalimide 7, naphthalenediimide 8 

and 2-acetyl-6-aminonaphthalene (acedan) 9. 

1.3.3 Xanthene dyes 

Xanthene dyes are one of most important fluorophores due to their favorable 

photochemical and photophysical properties: long wavelength absorption and 

emission maxima (450 – 700 nm), high fluorescence quantum yields and large 

absorption coefficient. These fluorescent materials, however, still have some 

limitations such as photobleaching, small Stokes shift and pH-dependence, which 

restrict their application in cell imaging and other areas. Fluorescein (10), eosins 

(11) and rhodamine (12) are three commonly used xanthene fluorophores and they 

are easily accessible by condensation of derivatives of phthalic anhydride with 

resorcinol or 3-aminophenol. 
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Fig. 1-5 Structures of representative xanthene dyes. 

 

Generally, xanthene dye-based fluorescent sensors exist in non-fluorescent 

spirocyclic form, whereas the formation of the ring-opened amide form induced 

by a specific analyte gives rise to an appearance of pink color and a strong 

fluorescence emission at a relatively long wavelength. Hence, the xanthene dyes 

are ideal molecular scaffolds to construct turn-on fluorescent probes. Much 

research effort has been devoted in this field and a lot of such probes have been 

designed for the detection of various targets encompassing cations, anion and 

small molecules. 

Notably, the connection of coumarin and rhodamine dyes through a rigid linker 

has been used to design a FRET-based probe due to the excellent overlap of 

emission spectrum of coumarin and absorption spectrum of rhodamine. Lin et al36 

adopted this concept for the design of a dyad fluorescent probe 13 which is 

capable of simultaneously monitoring endogenously produced NO and H2O2 in 

living macrophage cells (Fig. 1-6). Also, tethering of two fluorophores related 

with the roles of donor and acceptor respectively have been utilized to design a 

series of fluorescent probes for the detection of protein tyrosine phosphatase 
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(PTP),37 pH,38 aminothiols,39 hypochlorous acid40 and Cu(II)41. 

 

Fig. 1-6 Design strategy of probe 13 for simultaneous detection of NO and H2O2. 

 

Commonly, the absorption and emission of most fluorescein and rhodamine 

derivatives are below 600 nm, which restrict their application in tissue imaging. 

To mitigate this problem, two strategies have been reported. The first one is based 

on the extension of conjugation of the xanthene ring. By attaching a strong 

electron-withdrawing group to the xanthene ring, Lin’s group constructed a new 

type of NIR dyes, called Changsha (CS) NIR, with excellent photophysical 

properties embracing longer emission (> 720 nm), high quantum yield and 

excellent brightness and good photostability.42 Another way is replacing the 

oxygen atom by other elements (Si and Te) to construct Si-rhodamine (SiR) and 

Te-rhodamine (TeR) (Fig. 1-7).43-45 
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Fig. 1-7 Structures of Changsha (CS) NIR dyes, Si-rhodamine (SiR) and 

Te-rhodamine-based fluorescent probe 2-Me TeR for reactive oxygen species. 

1.3.4 BODIPY 

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (abbreviated as BODIPY) dyes 

(Fig. 1-8) is an important class of fluorophores with relatively sharp fluorescence 

peaks, high quantum yield. Additionally, they are also insensitive to the 

environmental polarity and pH variation and are reasonably stable in 

physiological conditions. However, the emission wavelengths of most BODIPY 

dyes are less than 600 nm and their hydrophobic properties restrict their 

applications in bioimaging. By appending suitable moieties onto the BODIPY 

core, chemists now can shift the absorption and emission positions of the resulting 

materials to the red and NIR region.26, 46-51 

 

Fig. 1-8 Structure of BODIPY core. 
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It should be pointed out that a significant drawback of BODIPY dyes is small 

Stokes shift, typically shifts of 7 – 15 nm.52 To overcome this limitation, Araneda 

et al. developed a series of new BODIPY structure-like dyes, anilido-pyridine 

boron difluoride dyes 14 – 16 (Fig. 1-9), characterized by their large Stokes shifts 

(90 – 120 nm), high quantum yield and exceptional photostability.53 

Fig. 1-9 Anilido-pyridine boron difluoride dyes 14 – 16. 

1.3.5 Cyanines 

Cyanine is a synthetic dye family belonging to polymethine group. It exhibits 

favorable photophysical properties such as long absorption and emission 

wavelength, moderate quantum yield and high molar absorption coefficients. 

Because cyanine dyes usually absorb in the red and NIR range, they can reduce 

autoabsorption, autofluorescence and light scattering, provide a deeper tissue 

imaging as well.18 These characteristics make it a benign and non-invasive tool 

for bioimaging, nucleic acid labeling and protein labeling superior to other UV or 

visible excitable fluorophores. 

In this family, indolenine-based cyanines (indocyaninies) are more attractive 
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for the design of fluorescent probes and labels due to their higher photostability 

compared to cyanines bearing benzoxazole, benzothiazole, and benzoselenazole 

end-groups. The structure of indolenine-based cyanine is shown in Fig. 1-10. The 

absorption and emission wavelengths of cyanines can be tuned to span the entire 

visible and NIR region simply by changing the number of methine groups. For 

example, a series of cyanine dyes represented by trimethines (Cy3, Cy3.5), 

pentamethines (Cy5, Cy5.5), and heptamethines (Cy7) show absorbance/emission 

at 550/570 nm (Cy3), 649/670 nm (Cy5), 675/694 nm (Cy5.5), and 747/776 nm 

(Cy7), respectively. Invariantly, they all possess high molar absorptivities (ε) 

150,000, 250,000, 250,000, and 200,000 M-1 cm-1 in aqueous media, 

respectively.54 

An obvious drawback of cyanine dyes is their strong H- and J-aggregation 

tendency to form two-dimensional sandwich-type arrangement or head-to-tail 

arrangement in a parallel way, resulting in reduced brightness.55 This 

self-quenching behavior could be improved by adding additional sulfo groups at 

the end of R substituent (Fig. 1-10). 

 

Fig. 1-10 Structure of indolenine-based cyanine. 
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Spiropyrans (SP) is an important class of compounds due to its 

ring-closing/ring-opening process triggered by the binding with analytes or 

activating by heat or light. The SPs exist in a colorless, nonfluorescent closed 

form (SP) and it could be converted to colored, fluorescent merocyanine form 

(MC) (Fig. 1-11). This property enables it to serve as an ideal platform to design 

OFF-ON colorimetric and fluorescent probes.56-59 

 

Fig. 1-11 Ring-closing/ring-opening process of spiropyrans (SP). 

1.3.6 Squaraines 

Squaraines are one of the most promising classes of dyes well known for their 

use as long-wavelength fluorescent probes and labels.54 Three symmetrical and 

unsymmetrical types of squaraine chromophores are shown in Fig. 1-12. 

Squaraines dyes show sharp and intense absorption in the long-wavelength region, 

and they possess good photostability because of their rigid structure. However, 

squaraine dyes sometimes show a blue or a sharp red color due to the formation of 

the aggregates, while in the aqueous medium they tend to congregate and 

precipitate leading to dramatic color modulation and fluorescence quenching. 

Compared with open-chain cyanine chromophore, zwitter-ionic squaraine 

chromophore is less soluble in aqueous solution. Due to the higher polarity of 
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Fig. 1-12 Examples for different squaraine chromophores. 

 

squaraine dyes, they exhibit lower quantum yield in aqueous solution but become 

substantially higher in hydrophobic media or upon binding to high 

molecular-weight species (e.g., proteins).60 Therefore, squaraine dyes are well 

suited as fluorescent probes while cyanines are more suitable for labeling of small 

molecules such as peptides, nucleotides and amino acids.60 

1.4 Signal transduction mechanisms 

In the process of molecular recognition, interaction between receptor and 

analyte causes a change in the conformation or chemical structure of the receptor 

should trigger marked modification of photophysical property of signal transducer 

parts by some means of signal transduction mechanisms. Therefore, the change in 

absorption or emission properties could be detected by a spectroscopic instrument. 

Some common signal transduction mechanisms, including Photoinduced Electron 

Transfer (PET), Intramolecular Charge Transfer (ICT), Excimer/Exciplex 

formation, Excited-State Intramolecular Photon Transfer (ESIPT), Fluorescence 

Resonance Energy Transfer (FRET) and Aggregation Induced Emission (AIE), 

have been intensively studied in the sensing community. To articulate the detailed 

working principle for sensor development, a brief introduction on these signal 
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transduction mechanisms will be presented. 

Luminescence is an emission of ultraviolet, visible or infrared photons from an 

electronically excited species. Fluorescence and phosphorescence are specific 

cases of luminescence. The mode of excitation is absorption of a photon, which 

brings the absorbing species into an electronic excited state. The emission of 

photons accompanying de-excitation is then called photoluminescence 

(fluorescence, phosphorescence or delayed fluorescence), which is one possible 

physical process resulting from interaction of light with matter, as shown in Fig. 

1-13.61 

 

Fig. 1-13 Position of fluorescence in the frame of light-matter interactions.61 

 

According to the Jablonski diagram (Fig. 1-14),62 phosphorescence occurs 

when the molecule returns to the electronic ground state from the excited triplet 

state by emission of a photon. This transition is spin-forbidden with a millisecond 

range or longer lifetime. The mechanism of phosphorescence usually involves a 

. organometallic compounds: ruthenium complexes (e.g. Ru(biPy)3), complexes
with lanthanide ions, complexes with fluorogenic chelating agents (e.g. 8-hydroxy-
quinoline, also called oxine), etc.

Fluorescence and phosphorescence are particular cases of luminescence (Table 1.1).
The mode of excitation is absorption of a photon, which brings the absorbing
species into an electronic excited state. The emission of photons accompanying de-
excitation is then called photoluminescence (fluorescence, phosphorescence or de-
layed fluorescence), which is one of the possible physical effects resulting from
interaction of light with matter, as shown in Figure 1.1.

Tab. 1.1. The various types of luminescence

Phenomenon Mode of excitation

Photoluminescence (fluorescence,

phosphorescence, delayed fluorescence)

Absorption of light (photons)

Radioluminescence Ionizing radiation (X-rays, a, b, g)

Cathodoluminescence Cathode rays (electron beams)
Electroluminescence Electric field

Thermoluminescence Heating after prior storage of energy
(e.g. radioactive irradiation)

Chemiluminescence Chemical process (e.g. oxidation)
Bioluminescence Biochemical process

Triboluminescence Frictional and electrostatic forces
Sonoluminescence Ultrasounds

Fig. 1.1. Position of fluorescence and phosphorescence in the
frame of light–matter interactions.

4 1 Introduction
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nonradiative intersystem crossing (ISC: S1!T1) triggered by the spin-orbit 

coupling. Fluorescence occurs when the molecule returns to the electronic ground 

state from the excited singlet by emission of a photon. This transition is 

spin-allowed with a nanosecond range lifetime. Once a molecule is excited by 

absorption of a photon, it can return to the ground state with emission of 

fluorescence or de-excitation by interacting with other molecules with 

intermolecular photophysical processes of electron transfer, proton transfer, 

energy transfer, excimer/exciplex formation. As a consequence, these processes 

are manifested in the fluorescent signal change through the mechanism of 

photoinduced electron transfer (PET), excited-state intramolecular proton transfer 

(ESIPT), photoinduced charge transfer (PCT or ICT), fluorescence resonance 

energy transfer (FRET) or excimer/exciplex formation. 

 

Fig. 1-14 One form of Jablonski diagram. 
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1.4.1 Photoinduced Electron Transfer (PET) 

 

Fig. 1-15 Mechanism for photoinduced electron transfer (PET).63 

 

Most PET sensors consist of a fluorophore covalently linked to an amine 

moiety via a spacer (fluorophore-spacer-receptor). Once the fluorophore is 

excited by absorption of a photon, an electron of the highest occupied molecular 

orbital (HOMO) is promoted to the lowest unoccupied molecular orbital (LUMO), 

which enable an energetically favorable pathway for an electron transfer from the 

HOMO of the donor (proton-free amine or cation-free receptor) to that of the 

fluorophore, causing fluorescence quenching (OFF). Upon cation binding or 

protonation, the redox potential of the receptor is raised and thus the electron 

transfer from the receptor to the fluorophore is unfavorable. The electron in 

excited state can return to the former HOMO by losing its excited state energy 

through fluorescence emission. This is called ON state (Fig. 1-15).63 This system 

is an “OFF-ON” system and also classified as chelation-enhanced fluorescence 
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Figure 12.16 Schematic representation of a PET pH sensor,
where the emission is switched off or quenched when an
electron is transferred from the receptor to the excited stated of
the fluorophore. Upon protonation of the amine, the oxidation
potential of the amine is increased and the electron transfer is
inhibited, causing the emission to be switched on . This process is
reversible, as upon deprotonation of the amine the PET becomes
active again.

constants than the analysis of changes centered at a single
wavelength. Sensor 11 can potentially bind both Na+ and
K+. However, unlike 10, sensor 11 does not possess an
amine moiety and, hence, the emission was only sensitive
to the binding of group I ions because of its 18-crown-
6 receptor moiety, and so was selective toward K+. In a
manner similar to that seen in Fig. 12.15, the binding of
K+ within the crown ether increases the oxidation potential
of the sensor and, hence, the emission is switched on .

In a manner similar to 11, sensor 12 was developed as
a PET sensor for monitoring intracellular concentrations of
Na+ [41]. Here, the pyraziline fluorophore both absorbs in
the visible region and emits long wavelengths, which is
advantageous for use in biological systems as it overcomes

the use of shortwave, high-energy excitation which can
be damaging to biological matter, and the detection of
the long-wavelength emission is easily achieved using
inexpensive optics. This sensor showed good selectivity
for Na+ over K+ within the physiological pH range,
demonstrating that the amine of the receptor was not
protonated within that pH range.

This design idea has been taken further with the develop-
ment of 13, a naphthalimide-based PET sensor possessing
the same receptor as used in 12 [42]. This sensor gave
good selectivity for Na+, within the intracellular concen-
tration range, where the emission of the naphthalimide was
switched on in the presence of Na+ and, as in the case of
2 and 4 as discussed earlier, the emission was not pH sen-
sitive within the physiological pH range. This design has
been developed further for commercial use, where struc-
tures such as 13 have been structurally modified to enable
its incorporation into polymeric matrixes. An example of
such sensors is 14, which was developed on the same PET
design principle as 13, but through the carboxylic terminus
on the imide side a polymeric unit was incorporated [43].
This system and other related systems are currently being
used for critical care analysis of blood samples, where, upon
filtration of the blood, the resulting serum can be instanta-
neously analyzed using fluorescent sensing.

The development of fluorescent PET sensors has in
the past decade extended toward the sensing of various
cations from both group I and II as well as transition-
metal ions and anions. In all these examples, the use of the
fluorophore–spacer–receptor model (Fig. 12.2a) enables
the selective detection of these ions where the emission
is either switched on or off . The PET sensors 15 [44] and
16 [45] were developed for the sensing of Cu(II), where,
in the case of 16, the use of the tripeptide binding motive
GlyGlyHis (from the HAS protein) was used to complex the
Cu(II) in competitive media, while 15 employed a simple
diamide moiety to complex to the Cu(II) ion.

Compounds 17–19 were developed for the selective
sensing of Zn(II) in competitive media and for use
in fluorescent cellular imaging as a collaborative effort
between Tsien and Lippard [46]. All the sensors have
an integrated fluorescein with bis-(2-pyridylmethyl) amine,
which is an intracellular Zn(II) chelator, and over the last
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(CHEF).2 Conversely, a fluorescent PET “ON-OFF” system, classified as 

chelation-enhanced quenching (CHEQ), also can be developed. 

1.4.2 Intramolecular Charge Transfer (ICT) 

 

Fig.1-16 Mechanism for intramolecular charge transfer (ICT).61 

 

Operating differently from PET sensors, the receptor and fluorophore in ICT 

sensors are connected through π-π or n-π conjugation. As shown in Fig. 1-16,61 

once the analyte interacts with the donor or acceptor group of the sensor, the 

electron density on donor or acceptor will be changed, causing the change of 

dipole-dipole forces of molecule. As a consequence, the energy gap between 

HOMO and LUMO will be increased or decreased, causing blue-shift or red-shift 

of fluorescence emission. These spectral properties are suitable for the 

construction of highly sought after ratiometric fluorescent sensors which can 

2.3 Photo-induced charge transfer (PCT or ICT) 
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eliminate environmental influence such as sample environment, sensor 

concentration, photobleaching and instrumental efficiency, by built-in calibration 

of the two emission bands. 

1.4.3 Fluorescence Resonance Energy Transfer (FRET) 

Fig. 1-17 Mechanism for fluorescence resonance energy transfer (FRET).65 

 

Fluorescence resonance energy transfer (FRET), also named Förster resonance 

energy transfer, resonance energy transfer (RET) or electronic energy transfer 

(EET), is a mechanism describing energy transfer from donor chromophore to 

acceptor chromophore.64 A donor chromophore, initially excited to higher 

electronic state, may transfer energy to an acceptor chromophore close by through 

nonradiative dipole-dipole coupling (Fig. 1-17).65 The FRET efficiency E is 

inversely proportional to the sixth power of donor-to-acceptor separation distance 

r due to the dipole-dipole mechanism: 

𝐸 =   
1

1+ ( 𝑟𝑅!
)!
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where R0 is the Förster distance of this pair of donor and acceptor, i.e. the distance 

at which the energy transfer efficiency is 50%.66 Thus a typical 1–10 nm range of 

donor-to-acceptor distance is essential. Besides, for efficient FRET process to 

occur, the sensor molecule should also satisfy four criteria: (1) the emission 

spectra of donor fluorophore must significantly overlap the absorption spectra of 

acceptor fluorophore; (2) donor and acceptor dipole moment must be 

appropriately parallel so that an acceptor dipole can be induced by the donor; (3) 

the donor has a high quantum yield; and (4) the donor is saturated by the 

acceptor.67 Their spectral properties also confer them with viability in 

constructing ratiometric sensors. However, some disadvantages in designing 

FRET sensors should also be noted: (1) FRET only works if fluorophores are in 

the correct orientation; (2) size of sensors can introduce problems; (3) free 

fluorophores can mask energy transfer; and (4) can be pH sensitive. 

1.4.4 Excited-State Intramolecular Proton Transfer (ESIPT) 

  Generally, the ESIPT process arises from hydrogen bond formation between 

the vicinal proton donor (hydroxyl or amine proton) and acceptor groups 

(carbonyl oxygen or pyridyl nitrogen) that exist in molecule (or complex) per se.54 

A typical photophysical process of ESIPT chromophores is illustrated in Fig. 1-18, 

demonstrated by 2-(2-hydroxyphenyl)-benzothiazole (HBT). The chromophores 

exist in the enol form at the ground state, in which the intramolecular hydrogen 

bond is formed. Upon electronic excitation, an ultrafast proton transfer process 

from proton donor to electronegative acceptor occurs and thus the proton-transfer 
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tautomer at the excited singlet state is produced, which is stabilized by the 

intramolecular hydrogen bond. Since the ESIPT is much faster than the 

fluorescence process, the fluorescence observed for the ESIPT chromophores is 

very often due to the keto tautomer.68 Thus, ESIPT dyes usually exhibit low 

energy fluorescence and large Stokes shift (up to ca. 180 nm for HBT), which are 

significantly different from other ordinary fluorophores. It is worth noting that the 

intramolecular hydrogen bonding would be interrupted by the protic solvent, only 

a single enol emission is observed in protic solvent.69 Also, the ESIPT process is 

often influenced by the pH and hydrogen bonding ability.70-71 

Fig. 1-18 A Jablonski diagram representing the excited-state intramolecular 

proton transfer (ESIPT) mechanism. 

1.4.5 Excimer/Exciplex Formation 

Excimer/exciplex are complexes formed between a fluorophore in its excited 

state (donor) and other fluorophore in its ground state (acceptor) when they move 
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Fig. 1-19 Mechanism for excimer formation.63 

close enough to each other (Fig. 1-19).63 Generally these fluorophores possess flat 

aromatic surface to take part in π-π stacking. The representative fluorophores 

which can form excimer/exciplex are polyaromatic groups such as naphthalene, 

pyrene and anthracene. These intra- or intermolecular interactions are 

accompanied by an appearance of the new red-shifted emission band which 

increases at the expense of monomer emission. Thus, the formation of excimers 

can be used to design ratiometric fluorescent sensors. However, there are two 

factors that strongly influence the formation of excimer complexes: (1) solvent; 

and (2) the ability of the two fluorophores to adopt desirable conformations.2 For 

example, pyrene in cyclohexane at low concentrations 10-5 ~ 10-4 M has 

structured vibronic emission band near 430 nm. With the increase of 

concentration, the second structureless fluorescence band appears near 480 nm, 

and the intensity of this band increases with the pyrene concentration. At a high 

pyrene concentration of 10-2 M, this band ascribed to excimers dominates the 

spectrum.54 The formation of complexes between two different kinds of 
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Figure 12.22 Schematic representation of a donor–acceptor pair connected by a spacer that can
operate upon recognition of an analyte. The reverse scenario also exists, where the recognition of
the analyte prevents the occurrence of such communication by breaking up the donor–acceptor
pair.

Moreover, the changes at the two λmax assigned to the
monomeric and the excimer emissions, respectively, can be
used for radiometric sensing, giving rise to a more accurate
determination of the sensing event.

12.4.2.5 Fluorescence Sensing Using Energy Transfer
Mechanism The above examples have focused on the
use of changes in the ICT, monomeric (fluorescence
occurring from S1), and excimer emission upon recognition
of an analyte. Fluorescent sensing can also be achieved
by means of modulating energy and electron transfer
processes between (i) an energy-accepting and energy-
donating moiety or (ii) an electron-donating and electron-
accepting moiety, where these processes are turned on by
bringing together such donating–accepting pairs, usually,
through conformational changes that are induced within
the sensors by the recognition of an analyte. The reverse

can also be achieved, where a conformational change
takes place within such sensors that causes such energy or
electron acceptor–donor pairs to become separated (hence,
this type of sensing is related to that seen above for
senor 27). This consequently turns off any such energy or
electron processes. This type of sensing mode is shown
schematically in Fig. 12.22, where the communication
pathway, being either via electron transfer or energy
transfer, is only established upon recognition of the analyte,
giving rise to modulation in the photophysical properties of
the two components.

The above sensing processes are often referred to
as fluorescence resonance energy transfer sensing. FRET
is highly distance dependent, which means that the
transfer of resonance energy between the donor and the
acceptor decreases as the distance (r) between the two
labels increases [11, 12]. Like electron transfer, energy
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fluorophores also is possible, and this process is called exciplex formation.63, 72 

1.5 Objectives of the thesis work 

On the basis of different signal transduction mechanisms and properties of 

fluorophores, we aimed for the design and synthesis of several fluorescent probes 

for the detection of various analytes. To complete the sensor design, suitable 

fluorophores and molecular recognition sites were combined to generate 

detectable fluorescence change. In this work, we intend to develop a variety of 

fluorescent sensing probes for the detection of cation, anion, amino acid and pH, 

respectively. The binding mode and signal transduction mechanism would be 

investigated by the combination of absorption, fluorescence, NMR and mass 

spectroscopic methods. Also, the sensing probes will be further applied in the 

bioimaging area. 
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Chapter 2 Rhodamine-based probe for 
detection of Fe3+ 

2.1 Introduction 

The development of highly selective and sensitive fluorescent sensors for 

important ionic species has attracted much attention in the recent decades.1-4 As 

an essential trace element, iron plays a significant role in chemical and biological 

processes.5-6 Unregulated amounts of Fe3+ may cause many diseases, including 

certain cancers and dysfunction of organs.7-9 For the detection of Fe3+, a variety of 

techniques have been developed such as atomic absorption spectroscopy,10 

colorimetry,11 spectrophotometry12 and voltammetry,13 but these methods need 

complicated sample preparation, the use of expensive instrument and unsuitable 

for real-time analysis. In terms of convenience, fluorescent sensing probes have 

advantages over other methods due to its easy operation, portability, viability of 

naked-eye detection and minimal sample consumption. Furthermore, Fe3+ is a 

well-known fluorescence quencher due to its paramagnetic nature, which renders 

it difficult to develop a turn-on fluorescent sensor. Thus, there is still a challenge 

in the development of real-time fluorescent probes for the detection of Fe3+.14-17 

Rhodamine-based fluorescent probes have become popular because of their 

unique structures and excellent photophysical properties such as long absorption 

and emission wavelength, large absorption coefficient and high fluorescent 

quantum yields.4 Rhodamine derivatives showed very weak or no fluorescence 
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when they are in the spirocyclic forms (i.e. OFF state). After binding with a 

suitable analyte, the spirocyclic form can be transformed to the ring-opened amide 

form which can emit strong fluorescence (i.e. ON state). When the analyte is 

removed from the system, the ring-opened amide form would go back to its 

original spirocyclic form. This characteristic makes rhodamine an ideal molecular 

platform for the design of fluorescent OFF–ON probes based on the 

chelation-enhanced fluorescence (CHEF) mechanism.18-20 

 

Scheme 2-1 Synthesis of probe 20. 

 

Herein, we report a new selective turn-on probe 20 for the detection of Fe3+, 

based on the rhodamine molecular platform. As shown in Scheme 2-1, the 

reaction of 8-aminoquinoline with bromoacetyl bromide afforded 17 in 93% yield. 

Then bromo group of 17 was replaced by azide functionality to give rise to 18. 

The key intermediate 19 was obtained by the reduction of azide group with PPh3. 

At last probe 20 was synthesized in 56% yield from first converting rhodamine B 
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to its acid chloride by treatment with POCl3, then conjugating the resultant acid 

chloride with multifunctional amine 19. The structure of 19 was confirmed by 1H 

NMR, 13C NMR, HRMS and FT-IR spectroscopic methods. 

2.2 Results and Discussion 

Initially the binding behavior of 20 towards different metal ions was 

investigated by UV-Vis spectroscopy. The absorption spectrum of free 20 (10 µM) 

in MeOH-Tris buffer (2 mM, pH = 7.0, 1:1, v/v) solution exhibited very weak 

absorbance in the range from 350 to 650 nm. Upon the addition of Fe3+, a strong 

band at 563 nm and a relative weak broad band centered at about 520 nm emerged, 

suggesting the formation of the ring-opened amide form of 20 upon Fe3+ binding 

(Fig. 2-1). This phenomenon was also observed upon the addition of Cu2+, while 

Hg2+ and Pb2+ only induced a minor absorption change and other metal ions did 

not trigger any change. The fluorescence enhancement effect of various metal 

ions on 20 was also investigated. As illustrated in Fig. 2-2, no significant spectral 

changes of 20 were observed in the presence of biological concentration of alkali 

and alkaline-earth metals, such as Na+, K+, Mg2+, Ca2+ (5 mM) and most of the 

transition metals Mg2+, Ag+, Cu2+, Co2+, Ni2+, Cd2+, Zn2+, Hg2+ (0.3 mM) did not 

cause any change as well. The addition of Fe2+ and Pb2+ can induce very moderate 

fluorescence enhancement (18-fold) compared with that of Fe3+ (440-fold) at 585 

nm. The color of solution 20 turned from colorless to pink after the addition of 

Fe3+ and Cu2+, however only the addition of Fe3+ to solution of 20 can emit red  
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Fig. 2-1 Absorption spectra of 20 (10 µM) upon addition of different metal ions 

(30 equiv) in MeOH-Tris buffer (2 mM, pH = 7.0, 1:1, v/v). 

 

Fig. 2-2 Fluorescence spectra of 20 (10 µM) upon addition of different metal ions 

(30 equiv) in MeOH-Tris buffer (2 mM, pH = 7.0, 1:1, v/v). Excitation 

wavelength is set at 500 nm. Excitation/emission slit = 5/5 nm. 
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Fig. 2-3 Upper: The color change of solution of 20 (10 µM) in MeOH-Tris buffer 

(2 mM, pH = 7.0, 1:1, v/v) upon the addition of various metal ions (30 equiv), 

from left to right: Ag+, Hg2+, Pb2+, Li+, Mg2+, Fe3+, Cu2+, K+, Zn2+, Na+, Fe2+, Co2+, 

Ca2+, Ni2+, Cd2+. Bottom: The picture of corresponding solution excited under UV 

lamp. 

 

Fig. 2-4 Variation of fluorescence intensity at 585 nm of 20 (10 µM) in 

MeOH-Tris buffer (2 mM, 1:1, v/v) in the presence (red circle) and absence 

(black square) of Fe3+ (30 equiv) as a function of pH. 
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fluorescence under the irradiation of UV lamp (365 nm) (Fig. 2-3). These results 

were consistent with the absorption and fluorescence properties of 20 upon the 

addition of various metal ions. Therefore, 20 can serve as a highly selective 

fluorescence turn-on probe for detection of Fe3+ in aqueous buffered methanol 

solutions. 

The pH-control emission measurements revealed that in contrast to the 

nonfluorescent property of 20 in the pH range from 4.0 to 9.0, addition of 30 

equiv of Fe3+ to solution of 20 could induce almost three hundred folds of 

fluorescence signal enhancement and the change of pH hardly influenced the 

fluorescence intensity of 20-Fe3+ complex (Fig. 2-4). Apparently, quantification 

of Fe3+ by the probe in aqueous solution can be accomplished over a broad pH 

range. When the pH of the measuring solutions is lower than 4.0, the fluorescence 

of apo-20 showed a large enhancement because the spirocyclic form of 20 was 

opened under strong acidic conditions. Thus, the subsequent investigations were 

carried out at pH 7.0. 

To investigate the potential interference of other metal ions to the binding of 20 

with Fe3+, a high concentration of fifteen other metal ions was added to the 

solution of 20 (10 µM) in the presence of 30 equiv of Fe3+. The results confirmed 

that these metal ions did not interfere with Fe3+ detection. Interestingly, as a 

well-known paramagnetic fluorescence quencher, the presence of Cu2+ did not 

affect the quantitation of Fe3+ by the probe 20 (Fig. 2-5). 
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Fig. 2-5 Change of fluorescence intensity at 585 nm of 20 (10 µM) in MeOH-Tris 

buffer (2mM, pH = 7.0, 1:1, v/v) upon addition of competing metal ions (30 equiv) 

in the presence (black) and absence (red) of Fe3+ (30 equiv). Mn+: Na+, K+, Li+, 

Ag+, Mg2+. 

 

Additionally, UV/Vis and fluorescence titration of 20 in MeOH-Tris buffer (2 

mM, pH = 7.0, 1:1, v/v) upon addition of Fe3+ were conducted. After the addition 

of about 20 equiv of Fe3+, binding of 20 with Fe3+ reached its equilibrium as 

evidenced by both absorbance and fluorescence measurement. The non-linear 

fitting of the titration curves using Benesi-Hildebrand equation21 (Equation 1) 

assuming a 1:2 stoichiometry for the 20-Fe3+ complex formation yielded 

association constant Kass of about 4.64 × 108 M-2 (R2 = 0.994) and 5.38 × 108 M-2 

(R2 = 0.991) deriving from UV/Vis (Fig. 2-6) and fluorescence (Fig. 2-7) titration, 

respectively. 
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Fig. 2-6 Absorption spectra of 20 (10 µM) upon addition of Fe3+ in MeOH-Tris 

buffer (2 mM, pH = 7.0, 1:1, v/v). Inset: The absorbance at 563 nm of 20 as a 

function of Fe3+ concentration (0 – 27 equiv). 

 

Fig. 2-7 Fluorescence spectra of 20 (10 µM) upon addition of Fe3+ in MeOH-Tris 

buffer (2 mM, pH = 7.0, 1:1, v/v). Inset: The fluorescence intensity at 585 nm of 

20 as a function of Fe3+ concentration (0 – 28 equiv). Excitation wavelength is set 

at 500 nm. Excitation/emission slit = 5/5 nm.  
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        (1) 

Where A0 is the absorbance or fluorescence intensity of 20, A is the absorbance or 

fluorescence intensity of 20-Fe3+ complex, Amax is the absorbance or fluorescence 

intensity of 20 with excess amount of Fe3+, K is the association constant (M-2), 

and [Fe3+] is the concentration of Fe3+ added (M). 

To test the reversibility of probe, an aqueous solution of Na2EDTA (disodium 

ethylenediaminetetraacetate dihydrate) was introduced to the solution of 20 (10 

µM) and Fe3+ (50 equiv) (Fig. 2-8). The fluorescence of the probe was only 

reduced by ca. 70% even after the addition of large excess of Na2EDTA. This 

result may be ascribed to the partial hydrolysis of 20 by Fe3+. On the other hand, 

clear evidence on the stoichiometry of the complex formed between 20 and Fe3+ 

 

Fig. 2-8 Fluorescence spectra of 20 (10 µM) upon addition of Fe3+ (30 equiv) 

followed by the addition of Na2EDTA in MeOH-Tris buffr (2 mM, pH = 7.0, 1:1, 

v/v). Excitation wavelength is set at 500 nm. Excitation/emission slit = 5/5 nm. 
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could not be obtained when MALDI-TOF mass spectroscopic technique was 

employed. 

2.3 Experimental Section 

2.3.1 General 

1H NMR and 13C NMR spectra were recorded on a Bruker Advance-III 400 

MHz Spectrometer (at 400 and 100 MHz, respectively) using tetramethylsilane 

(TMS) as an internal standard. High-resolution mass spectra (HRMS) were 

performed on a Bruker Autoflex mass spectrometer (MALDI-TOF). Fluorescence 

emission spectra and UV-Vis spectra were collected on a PE LS50B and a Cary 

UV-300 spectrometer, respectively. The melting point was determined with a 

MEL-TEMPII melting point apparatus (uncorrected). The pH measurements were 

performed on an Orion 420A pH mV temperature meter with a combined 

glass-calomel electrode. IR spectra were taken on a Nicolet Magna-IR 550 

spectrometer in KBr pellets and reported in cm-1. Double-distilled water was used 

throughout. The excitation wavelength for recording the emission spectra was set 

at 500 nm. 

All reagents for synthesis were obtained commercially and were used without 

further purification. Solvents such as N,N-dimethylformamide (DMF), 

dichloromethane (DCM), 1,2-dichloroethane (DCE), acetonitrile (ACN) and 

tetrahydrofuran (THF) were purchased from commercial sources and were the 

highest grade. Silica gel (200 – 300 mesh, MACHEREY-NAGEL GmbH & Co. 
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KG) was used for column chromatography. Analytical thin-layer chromatography 

was performed using TLC silica gel 60 F254 (aluminum sheets, Merck KGaA). 

Ag+, Li+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Ni2+, Pb2+, Zn2+ and Fe3+ were purchased 

as perchlorates, K+, Na+ and Mg2+ were purchased as chlorides. These inorganic 

salts were stored in a vacuum desiccator. 

2.3.2 Synthesis 

  2-Bromo-N-(quinolin-8-yl)acetamide (17) 

8-Aminoquinoline (0.5 g, 3.46 mmol) was dissolved in dry dichloromethane 

(20 mL) and then triethylamine (0.35 g, 3.46 mmol) was added into this solution. 

After the mixture was stirred at 0°C for 10 min, bromoacetyl bromide (0.84 g, 

4.16 mmol) was introduced dropwise to the stirred solution over a period of 20 

min. The reaction mixture was then stirred at room temperature for 3 hours. After 

removal of solvent, the crude product was purified by column chromatography on 

silica gel (PE : EA = 6 : 1) as the eluent to afford 17 as a white solid (0.86 g, 93% 

yield). m. p.: >300 °C. 

1H NMR (400 MHz, CDCl3): δ 10.72 (1H, s), 8.86 (1H, dd, J = 4.0 Hz, J’ = 1.6 

Hz), 8.75 (1H, dd, J = 5.6 Hz, J’ = 3.6 Hz), 8.18 (1H, dd, J = 8.0 Hz, J’ = 3.6 Hz), 

7.57 (2H, m), 7.49 (1H, dd, J = 8.4 Hz, J’ = 4.0 Hz), 4.14 (2H, s) ppm. 

13C NMR(100 MHz, CDCl3): δ 164.0, 148.6, 138.7, 136.3, 133.8, 127.9, 127.2, 

122.5, 121.8, 116.6, 29.7 ppm. 

HRMS (ESI): m/z calcd for C11H10N2OBr: [M + H+] 264.9976, found: 264.9957. 

   



 

 39 

  2-Azido-N-(quinolin-8-yl)acetamide (18) 

To a solution of 17 (1.01 g, 3.8 mmol) in DMF (10 mL) was added NaN3 

(0.495 g, 7.6 mmol) and then the reaction mixture was stirred at room temperature 

overnight. Water (50 mL) was added and the aqueous phase was extracted with 

EA (2 × 30 mL). The organic phases were combined, washed with brine (20 mL) 

and dried over anhydrous Na2SO4. After removal of solvent, 18 was obtained and 

used for next step without further purification (0.78 g, 90% yield). 

m. p.: 69–71°C. 

1H NMR (400 MHz, CDCl3) δ 10.57 (1H, br. s), 8.87 (1H, dd, J = 4.4 Hz, J’ = 1.6 

Hz), 8.76 (1H, dd, J = 6.0 Hz, J’ = 2.8 Hz), 8.18 (1H, dd, J = 8.4 Hz, J’ = 1.6 Hz), 

7.56 (2H, m), 7.49 (1H, dd, J = 8.4 Hz, J’ = 4.4 Hz), 4.27 (2H, s) ppm. 

13C NMR (100 MHz, CDCl3): δ 165.1, 148.7, 138.6, 136.4, 133.5, 128.0, 127.2, 

122.5, 121.8, 116.8, 53.5 ppm. 

HRMS (ESI): m/z calcd for C11H10N5O [M + H]+ =228.0885, found, 228.0896. 

  2-Amino-N-(quinolin-8-yl)acetamide (19) 

To a solution of 18 (0.91 g, 4.0 mmol) in a mixture of THF (27 mL) and water 

(3 mL) was added PPh3 (1.2 g, 4.8 mmol) and then the reaction mixture was 

heated to refluxed overnight. After cooling, organic solvent was evaporated and 

water (30 mL) was added to the residue. The aqueous phase was extracted with 

EA (4 × 30 mL), the organic phases were combined and washed with brine (30 

mL), dried over anhydrous Na2SO4. After removal of solvent, the residue was 

purified by column chromatography on silica gel (PE : EA = 1 : 3 then DCM : 
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MeOH = 30 : 1) to give as a brown solid 19 (0.68 g, 89% yield). 

m.p.: 102–104°C. 

1H NMR (400 MHz, CDCl3) δ 11.30 (1H, br. s), 8.88 (1H, dd, J = 4.0 Hz, J’ = 2.0 

Hz), 8.84 (1H, dd, J = 7.2 Hz, J’ = 2.0 Hz), 8.17 (1H, dd, J = 8.0 Hz, J’ = 1.6 Hz), 

7.54 (2H, m), 7.46 (1H, dd, J = 8.0 Hz, J’ = 4.0 Hz), 3.66 (2H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 171.6, 148.6, 139.0, 136.3, 134.2, 128.1, 127.4, 

121.8, 121.6,116.6, 46.1 ppm. 

HRMS (MALDI-TOF): m/z calcd for C11H11N3O [M+] 201.0896, found, 

201.0901. 

2-(3',6'-Bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-yl)-N-(quin

olin-8-yl)acetamide (20) 

To a suspension of rhodamine B (0.4 g, 0.84 mmol) in dry DCE (6 mL) was 

added POCl3 (0.3 mL, 3.3 mmol) dropwise over 2 min under N2 atmosphere and 

then the reaction mixture was refluxed for 4 hours. The reaction mixture was then 

cooled and evaporated in vacuo and the residue was dissolved in dry CH3CN (80 

mL). This acid chloride solution was added dropwise to a solution of 19 (0.17 g, 

0.84 mmol) and TEA (0.5 mL) in CH3CN (20 mL) over 1 hour at room 

temperature. The reaction mixture was then refluxed for 1 hour. After cooling, 

solvent was evaporated under reduced pressure, the crude product was purified by 

column chromatography on silica gel (PE : EA = 1 : 1) to give compound 20 (0.36 

g, 56%) as a light pink solid. m.p.: 222–224 °C. 

1H NMR (400 MHz, CDCl3) δ 10.03 (1H, br. s), 8.76 (1H, dd, J = 4.4 Hz, J’ = 1.6 
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Hz), 8.42 (1H, dd, J = 7.2 Hz, J’ = 2.0 Hz), 8.06 (2H, m), 7.51 (2H, m), 7.38 (3H, 

m), 7.17 (1H, m), 6.52 (1H, s), 6.50 (1H, s), 6.32 (2H, d, J = 2.8 Hz), 5.92 (2H, dd, 

J = 8.8 Hz, J = 2.4 Hz), 4.05 (2H, s), 3.17 (8H, m), 1.01 (12H, t, J = 7.1 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ 168.4, 166.8, 153.5, 153.4, 148.8, 148.2, 138.5, 

135.8, 134.3, 132.9, 130.8, 129.0, 128.2, 127.7, 127.1, 124.1, 123.2, 121.3, 121.1, 

116.4, 108.0, 104.5, 97.8, 65.6, 45.2, 44.2,12.5 ppm. 

FT-IR (KBr, ν, cm-1): 3343, 2970, 2929, 2360, 2341, 1700, 1634, 1615, 1516, 

1487, 1467, 1357, 1328, 1266, 1233, 1220, 1119, 826, 790, 759, 668. 

HRMS (MALDI-TOF): m/z calcd for C39H39N5O3 [M+H+] 626.3125, found, 

626.3098. 

2.4 Summary 

In conclusion, a highly Fe3+ selective rhodamine-based turn-on probe 20 was 

designed and synthesized. Common alkali, alkali earth and transition metal ions 

(i.e. Li+, Na+, K+, Mg2+, Ca2+, Cu2+, Cd2+, Co2+, Ni2+, Hg2+, Fe2+, Pb2+, Ag+, Zn2+) 

did not cause any interference to the fluorescence detection of Fe3+ by the probe. 

However, attempts of using this probe for the detection of Fe3+ in living cells were 

unsuccessful which limited its application. 
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Chapter 3 A quinolinyl antipyrine based 
fluorescence probe for Zn2+ and its 

application in bioimaging 

3.1 Introduction 

The development of highly selective and sensitive metal chemosensors is an 

active field in supramolecular chemistry.1-4 Zinc is the most abundant d-block 

transition metal essential in the human body with concentrations ranging from 

sub-nM to 0.3 mM,5-6 and plays a pivotal role in physiological processes such as 

enzyme regulation, gene expression, catalytic function of protein and 

apoptosis.7-13 The disorder of zinc metabolism in biological systems is associated 

with a variety of diseases such as Alzheimer’s disease, diabetes and epilepsy.14-20 

Therefore, there is a huge demand and potential for exploring novel development 

of Zn2+ chemosensors. 

Since the first quinoline-based Zn2+ sensor TSQ (N-(6-methoxyl-8-quinolyl)-p- 

toluenesulfonamide) was reported in 1987,21 many fluorescent sensors based on 

the 8-aminoquinoline structure have been developed and applied in both in vitro 

and in vivo imaging of Zn2+ in biological samples.22-26 To facilitate the detection of 

Zn2+ in aqueous solutions, 8-aminoquinoline was tethered to silica nanoparticles, 

cyclodextrin and polymers to improve its water solubility.27-30 The signal 

transduction mechanisms of these sensors were mainly based on the photoinduced 

electron transfer (PET) or internal charge transfer (ICT). However, some of these 
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Zn2+ sensors have undesirable selectivity and are vulnerable to interference by 

other metal ions, particularly Cd2+.30-32 Therefore, the design and synthesis of a 

more versatile Zn2+ fluorescent sensor with improved performance is still a great 

challenge. 

Herein, we synthesized 8-aminoquinoline derivative 21 bearing a 

4-aminoantipyrine moiety as a new chemosensor for the detection of Zn2+, which 

showed high selectivity and sensitivity to Zn2+ over other competitive metal ions, 

operating on the basis of the chelation-enhanced fluorescence (CHEF) mechanism. 

The introduction of 4-aminoantipyrine group provides two binding sites for 

coordinating Zn2+ ion. The resulting enhanced PET effect from the lone pair of 

two nitrogen atoms in 4-aminoantipyrine group exerting onto quinoline moiety 

endows the aposensor with a low fluorescence OFF-state. The complementary 

ligating properties of the binding sites of 21 confer the sensor with high selectivity 

and sensitivity towards Zn2+ over other metal ions. 

3.2 Results and Discussion 

Fluorescent Zn2+ sensors bearing 2-amino-N-(quinolin-8-yl)acetamide (19) 

moiety have been reported by us and others.22-34 The preliminary work showed 

that the fluorescence of 19 was only turn-on upon either addition of Zn2+ or Cd2+ 

(Fig. 3-1). To eliminate the interference of Cd2+ on Zn2+ detection, we sought the 

appendage of the 4-aminoantipyrine moiety to 19 to form a new probe 21. In 

contrast to 19, 21 exhibited a weaker fluorescence and better selectivity to Zn2+ 
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over Cd2+ (Fig. 3-2). Therefore, a highly selective Zn2+ chemosensor has emerged. 

 

Fig. 3-1 Fluorescence intensity at 500 nm of 19 (10 µM) in 25% ACN-HEPES 

buffer (100 mM, pH = 7.0) upon addition of different metal ions (10 equiv). 

 

Fig. 3-2 Fluorescence spectra of 21 and 19 (10 µM) in 25% ACN-HEPES buffer 

(100 mM, pH = 7.0) upon addition of Zn2+ and Cd2+, respectively. Excitation 

wavelength is set at 330 nm. Excitation/emission slit = 5/5 nm. 
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As described in Scheme 3-1, 21 was synthesized from substitution reaction of 

17 with 4-aminoantipyrine in DMF in 72% yield. The structure of 21 was 

confirmed by 1H NMR, 13C NMR, HRMS and unambiguously by X-ray 

diffraction method (Fig. 3-3). 

 

Scheme 3-1 Synthesis of probe 21. 

 

Fig.3-3 X-ray crystal structure of 21. All hydrogen atoms were omitted for clarity. 

(30% probability level for the thermal ellipsoids). The green dash line indicated 

the internal H-bond between H2 and N3 atoms. 
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Initially the binding behavior of 21 towards Zn2+ was investigated by UV-Vis 

spectroscopy. The absorption spectrum of 21 exhibited a strong band at 238 nm 

and also a weak broad band at about 300 nm in 25% ACN-HEPES buffer (100 

mM, pH = 7.0) solution. Upon addition of Zn2+, the absorbance at 238 and 300 

nm decreased with concomitant formation of new peaks at 252 and 350 nm (Fig. 

3-4). Clear isosbestic points at 245, 275 and 328 nm are apparent, which indicates 

the formation of only one active zinc complex with the probe. 

The fluorescence emission spectrum from 350 to 600 nm was obtained by 

irradiating 21 at 330 nm. Operating on PET mechanism, 21 exhibited very weak 

fluorescence at 500 nm in 25% ACN-HEPES buffer (100 mM, pH = 7.0). 

Addition of Zn2+ (0 – 10 equiv) produced a new emission band centered at 500 nm 

 

Fig. 3-4 UV-Vis spectra of 21 (10 µM) in 25% ACN-HEPES (100 mM, pH = 7.0) 

upon addition of Zn2+ (1 – 8 equiv). 
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with a 10.6-fold increase in fluorescence (Fig. 3-5). A greenish fluorescence 

emission of the solution was observed under UV lamp irradiation (Fig. 3-5, inset). 

These results may be due to the cleavage of the intramolecular hydrogen bond and 

electron transfer from the nitrogen atom of the quinoline moiety to metal ion after 

binding of 21 with Zn2+.35 Another reason for fluorescence enhancement could be 

attributed to the binding of 21 and Zn2+ resulting in the formation of a more rigid 

chelating ring.24, 34 On the basis of nonlinear fitting of the titration curve of 1:1 

binding model, the association constant of 21-Zn2+ was computed to be (5.85 ± 

0.54) × 104 M-1 (R2 = 0.986) using Benesi-Hildebrand equation (Fig. 3-6).36-38 This 

binding model is also supported by Job’s plot (Fig. 3-7). In low Zn2+ 

concentrations (0 – 9 µM), the fluorescence of 21 increased linearly upon addition 

of Zn2+, and the limit of detection (LOD) for Zn2+ is 1.3 × 10-7 M (3σ/slope, Fig. 

3-8). 

For practical applications, the sensing ability of 21 towards Zn2+ at different pH 

values was investigated. As shown in Fig. 3-9, the fluorescence intensity of the 

21-Zn2+ complex increases gradually from pH 4.0 to 6.5, reaching a steady high 

reading at around pH 6.5. Apparently, in acidic conditions, protonation of the 

amino group in the 4-aminoantipyrine moiety would reduce its binding ability to 

Zn2+ and suppress the formation of the complex.26, 34 On the other hand, due to the 

formation of the less soluble Zn(OH)+ or Zn(OH)2 in alkali conditions, fewer 

21-Zn2+ complexes could be formed at high pH. Thus, fluorescence of the 

complex decreases with the increase of pH from 8.0 to 10.0.32 A plateau of stable 
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Fig. 3-5 Fluorescence titration of 21 (10 µM) in 25% ACN-HEPES (100 mM, pH 

= 7.0) with addition of Zn2+. Excitation wavelength is set at 330 nm. 

Excitation/emission slit = 5/5 nm. Inset: visible emission (irradiated by 365 nm 

light) observed from 21 in the absence and presence of Zn2+ (10 equiv). 

 

Fig. 3-6 Fluorescence intensity at 500 nm of 21 (10 µM) in 25% ACN-HEPES 

buffer (100 mM, pH = 7.0) as a function of concentration of free Zn2+. 
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Fig. 3-7 Job’s plot by fluorescence method of the complex between 21 and Zn2+ 

in 25% ACN-HEPES (100 mM, pH = 7.0). Total concentration of 21 and Zn2+ is 

50 µM. 

 

Fig. 3-8 Fluorescence intensity at 500 nm of 21 (1 µM) in 25% ACN-HEPES 

buffer (100 mM, pH = 7.0) as a function of concentration of free Zn2+ (0 – 10 µM). 

Excitation wavelength is set at 330 nm. Excitation/emission slit = 10/10 nm. 
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Fig. 3-9 Fluorescence intensity at 500 nm of 21 (10 µM) in 25% ACN-HEPES 

(100 mM) with (red circle) and without (black square) addition of Zn2+ (10 equiv) 

as a function of pH. 

 

Fig. 3-10 Time-dependent fluorescence enhancement of 21 (10 µM) in 25% 

ACN-HEPES buffer (100 mM, pH = 7.0) upon addition of various concentrations 

of Zn2+. Fluorescence intensity was recorded at 500 nm. 
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reading observable from pH 6.5 to 8.0, covering the physiological pH window, 

was evident. Therefore, subsequent metal binding studies were carried out in 

HEPES buffer solution at pH = 7.0. 

We also investigated the time course of 21 to different equivalents of Zn2+ in 25% 

ACN-HEPES buffer (20 mM, pH = 7.0) (Fig. 3-10). We found that the 

fluorescence of the probe became steady within 1 min after addition of Zn2+. To 

our delight, this system could be used to detect Zn2+ in real-time. 

  The selectivity of 21 to various metal ions was examined systematically. 

Among the 14 metal ions studied, upon excitation at 330 nm, only Zn2+ induced a 

dramatic fluorescence enhancement of 21. On the other hand, Cd2+ and Fe2+ 

induced a slight enhancement of the probe, and Cu2+ quenched the fluorescence 

completely because of its paramagnetic property (Fig. 3-11). When 10 equiv of 

these competing metal ions were added to a mixture of 21 with 10 equiv of Zn2+, 

only Fe3+, Hg2+ and Co2+ can quench the fluorescence to a small extent and Cu2+ 

quenched completely the fluorescence (Fig. 3-11). Furthermore, to establish the 

reversibility binding of Zn2+ by 21, the fluorescence enhancement of the probe at 

500 nm triggered by 10 equiv of Zn2+ can be completely switched-off by the 

addition of 10 equiv of Na2EDTA. The same extent of fluorescence enhancement 

can be recovered when an additional 10 equiv of Zn2+ was introduced and this 

complexation/de-complexation cycle can be repeated 5 times (Fig. 3-12). These 

results show that 21 is suitable to be used as a reversible fluorescent chemosensor 

to detect Zn2+. 



 

 54 

 

Fig. 3-11 Fluorescence enhancement ratio of 21 (10 µM) in the absence (black) 

and presence (red) of Zn2+ (10 equiv) in 25% ACN-HEPES buffer (100 mM, pH = 

7.0) upon addition of various metal ions (0.1 mM of Cd2+, Fe2+, Fe3+, Cu2+, Co2+, 

Ni2+, Pb2+, Hg2+, Ag+, Li+, and 5 mM of Na+, K+, Ca2+, Mg2+). 

 

Fig. 3-12 Fluorescence intensity at 500 nm of 21 (10 µM) in 25% ACN-HEPES 

(100 mM, pH = 7.0) upon the alternate addition of Zn2+/Na2EDTA with several 

concentrations (0:0, 100:0, 100:100, 200:100, 200:200, 300:200, 300:300, 

400:300, 400:400, 500:400 and 500:500 µM, respectively). 
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The binding mode of the complex was studied by MALDI-TOF HRMS and 1H 

NMR spectroscopic method. When the complex was subjected to mass spectral 

measurement, a clear peak of m/z 450.0459 corresponding to [21 + Zn2+ – H+]+ 

was observed (Fig. 3-13). However, attempts to prepare a single crystal of 

21-Zn2+ complex were unsuccessful. 

 

Fig. 3-13 MALDI-TOF HRMS spectrum of 21 + Zn(ClO4)2. 

 

To evaluate the binding mode of 21-Zn2+ complex, detailed 1H NMR titration 

was carried out (Fig. 3-14). Upon gradual addition of Zn2+ to the ACN-d3 solution 

of 21, with the addition of 0.5 equiv of Zn2+, a large upfield shift of H7 (∆δ = 0.64) 

and H6 (∆δ = 0.24), ascribed to the amide proton and the ortho-aromatic proton to 

the carboxamido group in the quinoline ring, respectively, was observed. At the 
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same time, H1 (∆δ = 0.06) and H3 (∆δ = 0.06), which are ascribed to the ortho- 

and para-aromatic protons to the quinoline nitrogen, showed negligible downfield 

shift. These results confirm that Zn2+ coordinates to the nitrogen atom of the 

carboxamido group and seemingly has no interaction with the nitrogen atom of 

quinoline moiety. Also, a large downfield shift of NCH3 (∆δ = 0.38), C=CCH3 (∆δ 

= 0.16) and H8 (∆δ = 0.26) adjacent to the carboxamido group were also observed. 

These observations suggest that the metal ion has strong coordination with 

nitrogen atom in NCH3 and oxygen of carbonyl in the antipyrine moiety.39 In 

contrast to other 8-aminoquinoline-based Zn2+ sensors which coordinate with  

 

 

Fig. 3-14 Partial 1H NMR spectra of 21 (20 mM) in ACN-d3. (a) free 21; (b) 21 + 

0.1 equiv of Zn2+; (c) 21 + 0.3 equiv of Zn2+; (d) 21 + 0.5 equiv of Zn2+; (e) 21 + 

0.8 equiv of Zn2+; (f) 21 + 1.0 equiv of Zn2+. 
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nitrogen atom in quinoline moiety,23-28, 30-35 the contribution of strong ligating 

groups by the antipyrine moiety of 21 deprived the metal binding affinity of the 

quinoline nitrogen atom. To our best knowledge, this is the first 8-aminoquinoline 

based Zn2+ sensor which did not involve quinoline nitrogen atom as a ligating 

group. Therefore, a binding mode between 21 and Zn2+ compatible to the 

spectroscopic evidences is proposed (Fig. 3-15). 

 

Fig. 3-15 Proposed binding mechanism of 21 and Zn2+. 

 

A preliminary study on the Zn2+-sensing behaviors of 21 in the biological 

system was carried out by fluorescence microscopy using HK-1 cells as model 

cells. The results show that 21-stained HK-1 cells40 exhibited good fluorescence 

responses for Zn2+. After incubation with 21 at 37 ºC for 1 hour, the cells 

displayed very weak fluorescence (Fig. 3-16a). Presumably, the native Zn2+ 

concentration in the cell is too low to turn on the probe. When exogenous Zn2+ is 

introduced by incubation with 5 mM Zn(ClO4)2/pyrithione (1:1), the cells 

displayed bright green fluorescence (Fig. 3-16b). This fluorescence signal can be 

quenched by subsequent incubation with cell permeable chelator TPEN 
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(tetrakis-(2-pyridylmethyl)ethylenediamine) (Fig. 3-16c). Being a strong Zn2+ 

chelator, TPEN can remove Zn2+ completely from its binding to 21. This finding 

indicates that the fluorescence emission is a result of reversible Zn2+ binding to 21 

in the cell environment. 

 

Fig. 3-16 HK-1 cells were incubated with 21 (10 µM) (a), followed by 5 µM 

Zn(ClO4)2/pyrithione (1:1) (b), followed by further incubation with TPEN (20 µM) 

(c). Green dots represent the fluorescence from zinc ion interacting with the 21. 

Scale bar: 20 µm. 
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3.3 Experimental Section 

3.3.1 General 

1H NMR and 13C NMR spectra were recorded on a Bruker Advance-III 400 

MHz Spectrometer (at 400 and 100 MHz, respectively) using tetramethylsilane 

(TMS) as an internal standard. Low-resolution mass spectra were recorded on a 

Finnigan MAT SSQ-710 mass spectrometer while high-resolution mass spectra 

(HRMS) were performed on a Bruker Autoflex mass spectrometer (MALDI-TOF). 

Fluorescence emission spectra and UV-Vis spectra were collected on a PE LS50B 

and a Cary UV-300 spectrometer, respectively. The melting point was determined 

with a MEL-TEMPII melting point apparatus (uncorrected). X-ray intensity data 

were measured at room temperature (298 K) on a Bruker AXS Kappa ApexII Duo 

diffractometer using frames of oscillation range 0.3º, with 2º < θ < 28º. The 

structures were solved by the direct method and refined by full-matrix 

least-squares on F2 using the SHELXTL program package. The pH measurements 

were performed on an Orion 420A pH mV temperature meter with a combined 

glass-calomel electrode. Double-distilled water was used throughout. 

All reagents for synthesis were obtained commercially and were used without 

further purification. Solvents such as N,N-dimethylformamide (DMF), acetonitrile 

(ACN) and tetrahydrofuran (THF) were purchased from commercial sources and 

were the highest grade, dry dichloromethane (DCM) was distilled in calcium 

hydride. Silica gel (200 – 300 mesh, MACHEREY-NAGEL GmbH & Co. KG) 

was used for column chromatography. Analytical thin-layer chromatography was 
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performed using TLC silica gel 60 F254 (aluminum sheets, Merck KGaA). Ag+, 

Li+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Ni2+, Pb2+, Zn2+ and Fe3+ were purchased as 

perchlorates, K+, Na+ and Mg2+ were purchased as chlorides. These inorganic salts 

were stored in a vacuum desiccator. 

3.3.2 Sample preparation 

The probe was dissolved in ACN as a stock solution (1 mM). Buffer solution 

was prepared by dissolving HEPES in water (100 mM). Slight variations in the 

pH of the solution were achieved by adding the minimum volumes of NaOH or 

HCl. 

3.3.3 Absorption and fluorescence analysis 

Absorption spectra and fluorescence emission spectra were obtained with 1.0 

cm quartz cells. The detection procedures were as follows: in 25% ACN-HEPES 

(100 mM, pH = 7.0) buffer solution containing 21 (10 µM), a Zn2+ sample was 

gradually titrated into the solution, the mixture was equilibrated for 2 min before 

measurement. Excitation wavelength was set at 330 nm. Excitation and emission 

slits were set at 5.0 nm and 5.0 nm, respectively. 

3.3.4 Cell culture 

Human nasopharyngeal carcinoma (HK-1) cells were cultured in RPMI 1640 

(Gibco) supplemented with 10% FBS (Gibco) and antibiotics (penicillin 50 U/mL; 

streptomycin 50 µg/mL). The cells were incubated at 37 ºC in a humidified CO2 

(5%) incubator. 
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3.3.5 Confocal fluorescence imaging 

HK-1 cells (1 × 105 cells) were grown onto a glass coverslip in 35 mm culture 

dish overnight. Probe 21 and the zinc chelator TPEN were dissolved in DMSO 

while the zinc perchlorate and the zinc carrier pyrithione were dissolved in H2O. 

All compounds were prepared at a stock concentration of 10 mM and then diluted 

in culture medium for incubation with cells. The cells were incubated with probe 

21 (10 µM) for 30 min at 37 ºC. Additional zinc ions were introduced by 

incubating the cells with a mixture of zinc perchlorate (5 µM) and zinc ion carrier 

pyrithione (5 µM) for 15 min at room temperature. In order to remove the zinc ion, 

the cells were further incubated with the zinc chelator TPEN (20 µM) for 15 min 

at room temperature. The fluorescence images of the cells were observed under 

the confocal microscope (Olympus FV1000). 21 was excited at 405 nm with a 

diode laser and the emitted fluorescent signals at 500 – 600 nm were collected. 

Images were processed and analyzed using the FV10-ASW software (Olympus). 

3.3.6 Synthesis 

N-(Quinolin-8-yl)-2-((1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-

yl)amino)-acetamide (21) 

A mixture of 17 (0.265 g, 1.0 mmol), 4-aminoantipydine (0.182 g, 0.9 mmol) 

and K2CO3 (0.276 g, 2.0 mmol) in DMF (10 mL) was stirred at room temperature 

overnight. The reaction mixture was poured into 30 mL of H2O, the aqueous 

phase was extracted with EA (3 × 30 mL). The organic phases were combined and 

washed with H2O (2 × 20 mL) and brine (20 mL) successively, and dried over 
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anhydrous Na2SO4. After removal of solvent, the crude product was purified by 

column chromatography on silica gel (PE : EA = 1 : 4) as the eluent to afford 21 

as a yellow solid (0.28 g, 72% yield). m.p.: 180–181ºC. 

1H NMR (400 MHz, ACN-d3): 11.19 (1H, br. s), 8.88 (1H, dd, J = 4.2 Hz, J’ = 1.6 

Hz), 8.82 (1H, dd, J = 7.4 Hz, J’ = 1.5 Hz), 8.33 (1H, dd, J = 8.3 Hz, J’ = 1.6 Hz), 

7.67–7.56 (4H, m), 7.51–7.43 (4H, m), 7.33–7.28 (1H, m), 3.98 (2H, s), 2.90 (3H, 

s), 2.29 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3): 170.3, 162.5, 148.5, 142.6, 138.9, 136.2, 135.2, 

134.2, 129.1, 128.1, 127.3, 126.2, 123.2, 121.9, 121.6, 120.9, 116.7, 52.8, 37.4, 

10.7 ppm. 

HRMS (MALDI-TOF): m/z calcd for C22H21N5O2: [M+H+] = 388.1773, found: 

388.4032, [M+Na+] = 410.1593, found: 410.3490. 

3.4 Summary 

By tethering a 4-aminoantipyrine moiety onto a molecular platform with 

8-aminoquinoline as the fluorescent signal display unit, a highly selective and 

sensitive fluorescent Zn2+ sensor, 21, was designed and constructed. Under 

physiological pH conditions, in vitro detection of Zn2+ at sub-nanomolar 

concentrations can be achieved in aqueous ACN solution. The binding mode of 

the metal complex was established by combined UV-Vis, fluorescence and 1H 

NMR spectroscopic method. Moreover, 21 can be used as an imaging reagent of 

Zn2+ in living cells. 
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Chapter 4 Coumarin-based fluorescent 
probe for recognition of Cu2+ and for fast 
detection of histidine in hard-to-transfect 

cells by sensing ensemble approach 

4.1 Introduction 

The development of selective and efficient signaling systems to detect 

biologically relevant cations, anions and small neutral molecules has attracted 

significant attention in recent years.1-5 In the detection of various analytes, 

fluorescent sensing probes have demonstrated outstanding characteristics such as 

high selectivity, low detection limits, real-time detection, and high-throughput.6 

Due to their intrinsic high fluorescent quantum yield, good water solubility and 

viability for chemical transformations, coumarin derivatives have attracted much 

attention as one of the most popular fluorophores amenable to novel sensor 

design.7-9 By judiciously incorporating a suitable receptive binding unit onto a 

coumarin molecular platform, fluorescent metal chemosensors for Cd2+, Cu2+, 

Hg2+, and Zn2+, have been well reported in the literature.9-18 Due to its intrinsic 

paramagnetic property, Cu2+ has the propensity to quench the fluorescence of 

fluorescent metal chelators conferring a non-fluorescence OFF state in ensemble 

devices.19 Subsequent effective snatching of Cu2+ ion from the ensemble in 

aqueous solution by a copper-binding analyte can switch on “turn-on” 

fluorescence of the sensing ensemble. Working on such two-stage signal 
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transduction mechanism schematically shown in Fig. 4-1, novel fluorescent 

probes for biologically or environmentally relevant analytes have been 

realized.20-33 There are several advantages associated with this sensing 

methodology especially for applying in cell imaging process: (1) the water 

solubility of a metal coordinated complex in an ensemble system can be greatly 

improved, favoring the cell imaging application; (2) sensing of different species 

can be achieved by simply changing the metal ion of the ensemble;34 (3) an 

ensemble oftentimes can be accessible via a simple synthetic route. For instance, 

exploitation of the paramagnetic fluorescence quenching ability of Cu2+, operative 

on “ON–OFF–ON” signaling motif, sensing ensemble systems comprising 

multifunctional fluorophore ligated to Cu2+ center have been developed for 

selective detection of cyanide,20-23 cysteine,24-25 histidine26-28 and sulfide.29-33 

 

Fig. 4-1 Illustration of the design and working mechanism of sensing ensemble. 

 

Being an essential amino acid, histidine is indispensable for human growth.35 It 

plays vital roles in biological systems such as serving as a neurotransmitter36 and 

as a controller for metals transmission.37 Excessive histidine may cause stress and 
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psychological disorders,38 whereas the deficiency of histidine may result in 

chronic kidney disease39 and pulmonary disease.40 Therefore, determination of 

histidine, especially in biological samples, is an important analytical tool to 

examine the homeostasis of this species in a biological system. To meet this 

detection challenge, many analytical methods including fluorescent sensors,27-28, 

41-45 colorimetric detection,46-49 electrochemical method50-51 and capillary 

electrophoresis52-53 have been developed. In this connection, Yu and co-workers 

very recently developed a novel coumarin-DPA-Cu2+ chemosensing ensemble for 

selective detection of histidine in biological fluids.28 Prompted by their report, in 

connection with our continued research interests in fluorescent sensor 

development for amino acids,54-57 we herein present our design and development 

of coumarin-based histidine sensing ensemble which is amenable to selective 

detection of histidine, not only in aqueous solutions, but also applicable to living 

cells. In contrast to the cell permeable fluorescent ON-OFF probe for histidine 

and cysteine reported by Rao and coworkers,43 to our knowledge, our design is the 

first example of a novel turn-on fluorescent selective probe demonstrating the 

intracellular detection of histidine in “hard-to-transfect” glioblastoma cells. 

4.2 Results and Discussion 

The synthesis of probe 23 was achieved with high yield by coupling of 

7-N,N-diethylcoumarin-4-carboxylic acid (22) with 2-amino-N-(quinolin-8-yl)- 

acetamide (19)58 promoted by HOBt and EDC (Scheme 4-1). Coumarin 
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derivative 22 was obtained by the condensation of 4-diethylamino- 

2-hydroxybenzaldehyde and diethyl malonate in EtOH and subsequent hydrolysis 

by 10% NaOH with 71% yield. The structure of 23 was confirmed by 1H NMR, 

13C NMR, FT-IR and HRMS spectroscopic methods. 

 

Scheme 4-1 Synthesis of probe 23. 

 

To confer a selective metal ion chelating property on coumarin derivative 22, 

trifunctional metal binding receptive unit 19 was appended onto its carboxyl 

functionality, affording the highly fluorescent dyad 23. For tuning the sensing 

ensemble at a non-fluorescence OFF-state, a variety of metal ions including Na+, 

K+, Li+, Ca2+, Mg2+, Fe3+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Hg2+, Ag+ and Cd2+ 

were systematically introduced to a solution of 23 in 20% ACN-HEPES (20 mM, 

pH 7.4). Interestingly, by treatment with different metals, the fluorescence of 23 

could only be extensively quenched by Cu2+ (Φ = 0.015, τ = 1.2 ns for 23 and Φ < 

0.001 for 23-Cu2+ ensemble, quinine sulfate in 0.1 M H2SO4 as a standard, Φ = 

0.58),59 while a slight reduction in fluorescence was caused by Ni2+ (Fig. 4-2a).  
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Fig. 4-2 Fluorescence (a) and absorption (b) spectra of 23 (5 µM) in 20% ACN- 

HEPES (20 mM, pH = 7.4) upon addition of different cations (1 equiv). 

Excitation wavelength is set at 430 nm. Excitation/emission slit = 4/4 nm. 

 

 

Fig. 4-3 (a) Fluorescence spectra of 23 (5 µM) in 20% ACN-HEPES (20 mM, pH 

= 7.4) upon addition of Cu2+. Inset: Plot of fluorescence intensity at 480 nm of 23 

(5 µM) versus the concentration of Cu2+. Excitation wavelength is set at 430 nm. 

Excitation/emission slit = 4/4 nm. (b) Lineweaver-Burke plot of 23 and Cu2+ 

association in the range of 0 – 1.0 equiv. 
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The selective binding of 23 to Cu2+ and Ni2+ was also substantiated by examining 

the UV-Vis spectra of the respective metal complexes. A bathochromic shift of 12 

nm and 5 nm was observed for 23-Cu2+ and 23-Ni2+ ensembles, respectively in 

comparison with the apo-ligand 23 (Fig. 4-2b). 

To investigate the binding mode between 23 and Cu2+, 23 (5 µM) was titrated 

with increasing concentration of Cu2+. Fig. 4-3a shows that 1 equiv of Cu2+ can 

switch off the fluorescence of the probe completely and the fluorescence intensity 

of 23 was linearly proportional to the concentration of Cu2+ ranging from 0 – 3.5 

µM (Fig. 4-3a inset). Job’s plot analysis and the MALDI-TOF HRMS of the 

complex clearly reveal that 23 and Cu2+ form a 1:1 23-Cu2+ complex (Fig. 4-4 and 

Fig. 4-5). Furthermore, according to the Lineweaver-Burke equation60-61 

(Equation 2): 

              1/(F0 – F) = 1/F0 + KLB/(F0·[Q])              (2) 

where F0 and F are the steady state fluorescence intensities in the absence and 

presence of quencher, respectively. [Q] is the concentration of quencher, Cu2+. 

KLB is the static quenching constant. The linear relationship between 1/(F0 – F) 

and 1/[Cu2+] demonstrated that the static quenching occurs (Fig. 4-3b). The level 

of detection (LOD) estimated for Cu2+ determination is calculated to be 52 nM 

(S/N = 3). Evidently, 23 possessing such a high selectivity and sensitivity could 

serve as a fluorescent ON-OFF sensor for Cu2+. 

  We envisage that many biologically relevant small molecules such as amino 

acids can snatch copper from 23-Cu2+, conducing the recovery of the fluorescence  
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Fig. 4-4 Job’s plot for determining the stoichiometry of 23 and Cu2+ in 20% 

ACN-HEPES (20 mM, pH 7.4). The total concentration of 23 and Cu2+ was 5 µM, 

where χCu = [Cu2+]/([Cu2+] + [23]). 

 

Fig. 4-5 MALDI-TOF HRMS of 23 + Cu(ClO4)2. 
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Fig. 4-6 Fluorescence response ratio of 23-Cu2+ ensemble (5 µM) towards various 

analytes (20 equiv). 

 

quenched by Cu2+ to furnish a turn-on sensor. In practice, 23-Cu2+, prepared by 

mixing an equal amount of 23 and Cu(ClO4)2 (5 µM) in aqueous ACN-HEPES 

buffer solution, was allowed to be treated separately with 20 equiv of each of 

twenty essential amino acids, N-acetylcysteine (NAC), reduced glutathione (GSH), 

histamine and imidazole. Fluorescence measurements on the resulting mixtures 

shown in Fig. 4-6 reveal that only histidine (His), cysteine (Cys), NAC, 

homocysteine (Hcy) and GSH can recover the fluorescence of 23 by more than 

95%. To probe the binding mode of histidine to Cu2+, as shown in Fig. 4-6, 

histamine and imidazole employed as control compounds were found to be 
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ineffective to trigger any change in the fluorescence of the ensemble (i.e. 23-Cu2+). 

It becomes apparent that the capture of Cu2+ from 23-Cu2+ by histidine could be 

attributed to the cooperative chelating action of the carboxyl and imidazole 

moieties of histidine.62 The 2:1 binding model of His-Cu2+ was confirmed by the 

Job’s plot (Fig. 4-7).  The fluorescence recovery induced by histidine is shown 

in fluorescent titrations of the ensemble with histidine (Fig. 4-8a). The association 

constant between histidine and Cu2+ was calculated to be 2.54 × 109 M-2. In 

addition, through the UV-Vis titrations of 23-Cu2+ with histidine, the full recovery 

of the UV-Vis spectrum of 23 could be realized by the addition of 10 equiv of 

histidine (Fig. 4-8b). In addition, the 1H NMR spectroscopic method was used to 

probe the binding mechanism. As shown in Fig. 4-9, due to the paramagnetic 

property of Cu2+, all proton resonances of 23 underwent peak broadening when it 

was mixed with Cu2+. Subsequent addition of histidine into 23-Cu2+ solution 

caused the resumption of the fine structure of 23 in the 1H NMR spectrum of the 

mixture. This result further confirmed that histidine is capable of removing Cu2+ 

from its 23 complex. 

  Incidentally the fluorescence recovery of the ensemble could also be observed 

when the sensing ensemble was titrated separately with Cys, Hcy and GSH (Fig. 

4-10). It should be pointed out that snatching of Cu2+ ion from its chelated 

complexes by histidine and biothiols is well documented and has been 

incorporated into many novel sensing ensemble developments.26-33 It is 

noteworthy that while fluorescent chemosensor design for detecting biothiols is 
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Fig. 4-7 Job’s plot for determining the stoichiometry of 23-Cu2+ ensemble and 

histidine in 20% ACN-HEPES (20 mM, pH 7.4). The total concentration of 

23-Cu2+ ensemble and Histidine was 5 µM, where χHis = [histidine]/([histidine] + 

[23-Cu2+]). 

 

Fig. 4-8 Fluorescence (a) and absorption (b) spectra of 23-Cu2+ ensemble (5 µM) 

in 20% ACN-HEPES (20 mM, pH 7.4) upon the addition of histidine. Excitation 

wavelength is set at 430 nm. Excitation/emission slit = 4/4 nm. 
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Fig. 4-9 Partial 1H NMR titration spectrum 0 – 5.5 ppm (Upper) and 6 – 11 ppm 

(Bottom) of 23 in ACN-d3 with 1 equiv of Cu2+ followed by 10 equiv of histidine. 
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well developed,2 in contrast, selective histidine fluorescent turn-on sensors 

applicable to cell imaging are scarce. The use of N-ethylmaleimide (NEM) as a 

biothiol scavenger can eliminate the interference of Cys, Hcy, GSH and NAC, 

which allow us to develop 23-Cu2+ as a selective histidine sensing ensemble.63 As 

such, when mixtures of biothiols and NEM were introduced separately into the 

ensemble, no fluorescent enhancement was observed (Fig. 4-6) due to the 

 

Fig. 4-10 Fluorescence spectra of 23 (5 µM) in the presence of 1 equiv of Cu2+ 

upon the addition of Cys (a), Hcy (b) and GSH (c). Inset: Plot of fluorescence 

intensity at 480 nm of 23 (5 µM) in the presence of 1 equiv of Cu2+ versus the 

concentration of Cys (a), Hcy (b) and GSH (c). Excitation wavelength is set at 

430 nm. Excitation/emission slit = 4/4 nm. 
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Fig. 4-11 Fluorescence response ratio of 23-Cu2+ ensemble (5 µM) in the presence 

of various amino acids (20 equiv), biothiols-NEM adducts (20 equiv) and cations 

(Na+, K+, Ca2+, Mg2+: 10 mM) upon addition of histidine (20 equiv). 

 

Fig. 4-12 Plot of fluorescence intensity at 480 nm of 23 (5 µM) (black square), 

23-Cu2+ ensemble (5 µM) (red circle) and 23-Cu2+-histidine (1:1:20) (blue triangle) 

in 20% ACN-HEPES (20 mM) as a function of pH, respectively. 
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trapping of sulfhydryl group of biothiols by NEM through Michael type reaction. 

Detailed interference study results are shown in Fig. 4-11. Obviously, the present 

ensemble can qualify as a highly selective sensing device for histidine. 

Additionally, the LOD of 23-Cu2+ for the detection of histidine is calculated to be 

2.6 × 10-7 M as estimated from Fig. 4-8a. The pH application range of the present 

sensing system for the detection of Cu2+ and histidine was found to be very broad 

covering a pH range from 5.5 to 9.0, well suitable for living cell applications (Fig. 

4-12). 

We also explored the potential applications of the sensing ensemble in a 

biological system. The typical fluorescent images of U87MG cells which have 

been separately incubated with 23 and 23-Cu2+ at 5 and 10 µM for 12 hours, are 

shown in Fig. 4-13a-d. According to the visual assessment of these images with 

these two probes incubated with hard-to-transfect glioblastoma U87MG cells,64-69 

intensive green fluorescence can be observed in the cytoplasm (Fig. 4-13a-b). 

This observation reveals that a small amount of 23 can be internalized into the 

U87MG cells. On the other hand, according to the visual assessment of 

fluorescent images with 23-Cu2+ incubated toward U87MG cells, significant 

enhancement of fluorescent signal can be observed in the cytoplasm in contrast to 

the bare 23 (Fig. 4-13c-d). Somewhat interestingly, the cellular uptake efficiency 

of the ensemble is enhanced thereby reacting preferentially with cysteine and 

histidine in the cytoplasm to turn on the fluorescent signal of the device. 

Conceivably, the fast cellular uptake efficiency of the probe depends on the 
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surface charge density and stability of the composites during the 

receptor-mediated endocytosis64-69 and the subsequent seizure of Cu2+ from the 

ensemble by the biomolecules localized in cytoplasm, leading to the recovery of 

the fluorescence of 23. 

In another experiment, U87MG cells were pre-treated with an excess of 

thiol-scavenger NEM with lipofectamine to consume all free thiols present in the 

cells. Subsequently, 23 or 23-Cu2+ at 5 or 10 µM was separately incubated with 

the treated cells thereby observing their fluorescent images in Fig. 4-13e-h. By 

monitoring the respective emission images with 23 and 23-Cu2+ incubated toward 

the 23-Cu2+ pretreated cells, the observed fluorescent signals in the cytoplasm are 

significantly reduced. Apparently, NEM as expected will silence the action of 

cysteine toward the probe and the ensemble. It is reasonable to conclude that both 

23 and 23-Cu2+ can be efficiently internalized into hard-to-transfect U87MG cells 

without the use of any transfecting agents. Secondly, the observable fluorescent 

signals with 23-Cu2+ toward the treated cells are turned on mainly by the action of 

the ensemble with histidine moieties within the cytoplasm at the concentration 

level around 0.1 mM,70 rendering it an in vitro histidine sensor. 

The cytotoxicity of both 23 and 23-Cu2+ towards U87MG cells were evaluated 

by MTT assay (Fig. 4-14).71-73 It is noteworthy that percentage cell viabilities 

exceeds 95%. These results reveal that both the probe and the ensemble are 

non-cytotoxic toward U87MG cells. 
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Fig. 4-13 (a-d) Cellular uptake of probe 23 without (a-b) and with (c-d) Cu2+ ion 

at 5 or 10 µM towards Human glioblastoma cells U87MG. (e-h) Cellular uptake 

of probe 23 without (e-f) and with (g-h) Cu2+ ion at 5 or 10 µM towards Human 

glioblastoma cells U87MG after a pre-treatment with NEM (20 µM) and 

lipofectamine 2000 (4 µL/mL). 

 

Fig. 4-14 MTT cell viability of human glioblastoma cells U87MG incubated with 

probe 23 with and without Cu2+ ion at 5 or 10 µM. 
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4.3 Experimental Section 

4.3.1 General 

1H NMR and 13C NMR spectra were recorded on a Bruker Advance-III 400 

MHz Spectrometer (at 400 and 100 MHz, respectively) using tetramethylsilane 

(TMS) as an internal standard. High-resolution mass spectra (HRMS) were 

performed on a Bruker Autoflex mass spectrometer (MALDI-TOF). Fluorescence 

emission spectra and UV-Vis spectra were collected on a PE LS55 and a Cary 

UV-300 spectrometer, respectively. The melting point was determined with a 

MEL-TEMPII melting point apparatus (uncorrected). The pH measurements were 

performed on an Orion 420A pH mV temperature meter with a combined 

glass-calomel electrode. IR spectra were taken on a Nicolet Magna-IR 550 

spectrometer in KBr pellets and reported in cm-1. Double-distilled water was used 

throughout. The excitation wavelength was 430 nm. Fluorescence lifetime was 

measured using a PTI Time Master Model C-720. The fluorescence quantum 

yield ΦF was calculated from Equation 3: 

             𝜱𝒔𝒂𝒎𝒑𝒍𝒆   =   𝜱𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅
𝑭𝒔𝒂𝒎𝒑𝒍𝒆
𝑭𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅

𝑨𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅
𝑨𝒔𝒂𝒎𝒑𝒍𝒆

𝜼𝒔𝒂𝒎𝒑𝒍𝒆
𝟐

𝜼𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅
𝟐        (3) 

Where the subscripts sample and standard denote reference standard and test 

sample, respectively, Φ is the fluorescence quantum yield, F denotes the integral 

of the corrected fluorescence spectrum, A is the absorbance at the excitation 

wavelength, and η is the refractive index of solvent. 

All regents for synthesis were obtained commercially and were used without 

further purification. Solvents such as ethanol (EtOH), dichloromethane (DCM), 
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ethyl acetate (EA), n-hexane were purchased from commercial sources and were 

the highest grade, dry dichloromethane was distilled in calcium hydride. Silica gel 

(200 – 300 mesh, MACHEREY-NAGEL GmbH & Co. KG) was used for column 

chromatography. Analytical thin-layer chromatography was performed using TLC 

silica gel 60 F254 (aluminum sheets, Merck KGaA). Ag+, Li+, Ca2+, Co2+, Cu2+, 

Fe2+, Hg2+, Ni2+, Pb2+, Zn2+ and Fe3+ were purchased as perchlorates, K+, Na+ and 

Mg2+ were purchased as chlorides. These inorganic salts were stored in a vacuum 

desiccator. 

4.3.2 Sample preparation 

The probe 23 was dissolved in ACN as a stock solution (1 mM). Buffer 

solution was prepared by dissolving HEPES in water (20 mM). Slight variations 

in the pH of the solution were achieved by adding the minimum volumes of 

NaOH or HCl. 

4.3.3 Absorption and fluorescence analysis 

Absorption spectra and fluorescence emission spectra were obtained with 1.0 

cm quartz cells. The detection procedures were as following: in 20% 

ACN-HEPES (20 mM, pH = 7.4) buffer solution containing 5 µM 23 and 5 µM 

Cu2+, a histidine sample was gradually titrated into the solution, the mixture was 

equilibrated for 30 min before measurement. Excitation wavelength was set at 430 

nm. Excitation and emission slits were set to 4.0 nm and 4.0 nm, respectively. 

4.3.4 Cell culture 

Human glioblastoma U87MG cells were obtained from American Type Culture 
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Collection (ATCC, Manassas, VA, USA), and cultured with RPMI-1640 

(Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS), 100 

U/mL penicillin and 100 µg/mL streptomycin at 37 ºC and in a humidified 5% 

CO2 atmosphere. 

4.3.5 Cellular uptake study 

Five thousand U87MG cells were seeded into the wells from a 24-well plate. 

After 12 h incubation, the culture medium in the wells was replaced with fresh 

medium with 23 (5 µM or 10 µM) or premixed 23 and CuCl2 (equal 5 µM or 10 

µM for each). After 30 min incubation, the cells were washed and fixed with 4% 

paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), and the fluorescence of 

cells was observed by a Nikon TE2000 fluorescence microscope through GFP 

channel. In another experiment, cells were pre-treated with NEM (20 µM) and 

lipofectamine 2000 (4 µL/mL). 

4.3.6 Cytotoxicity study 

The MTT assay was performed to determine cell viability. Five thousand 

U87MG cells were seeded into the wells from the 96-well plates. After 12 h 

incubation, the medium in the wells was replaced with fresh medium with 23 (5 

µM or 10 µM) or premixed 23 and CuCl2 (5 µM or 10 µM equimolar for each). 

After 24 h incubation, 10 µL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide) solution (5 mg/mL) was added to each well. After 3 

hours incubation, the medium was removed and formazan crystals were dissolved 

with 150 µL DMSO for 10 min on a shaker. The absorbance of each well was 
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measured by a microplate reader at a wavelength of 540 nm. The relative cell 

viability (%) for each sample related to control well was calculated. 

4.3.7 Synthesis 

  7-(Diethylamino)-2-oxo-2H-chromene-3-carboxylic acid (22) 

4-(Diethylamino)-2-hydroxybenzaldehyde (1.937 g, 10.0 mmol) and diethyl 

malonate (3.3 g, 20.6 mmol) were dissolved in EtOH (30 mL) and then piperidine 

(0.1 g, 1.2 mmol) was added. The reaction mixture was heated to reflux for 6 hrs. 

10% NaOH (30 mL) was added dropwise and the reaction mixture was refluxed 

for 15 min. The mixture was cooled in an ice-bath and acidified with Conc. HCl 

until pH < 2. Precipitate was filtered and washed with water, recrystallized with 

EtOH to afford 22 as yellow solid (1.85 g, 71% yield). m. p.: 242–244ºC. 

1H NMR (400 MHz, CDCl3) δ 12.35 (1H, br. s), 8.66 (1H, s), 7.45 (1H, d, J = 9.0 

Hz), 6.71 (1H, dd, J = 9.0 Hz, J’ = 2.5 Hz), 6.53 (1H, d, J = 2.3 Hz), 3.49 (4H, q, 

J = 7.2 Hz), 1.27 (6H, t, J = 7.2 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ165.5, 164.5, 158.1, 153.7, 150.3, 132.0, 110.9, 

108.6, 105.7, 96.9, 45.3, 12.4 ppm. 

7-(Diethylamino)-2-oxo-N-(2-oxo-2-(quinolin-8-ylamino)ethyl)-2H-chromene-

3-carboxamide (23) 

To a solution of 22 (50 mg, 0.19 mmol), 19 (38 mg, 0.19 mmol), HOBt (26 mg, 

0.19 mmol) and EDC (45 mg, 0.23 mmol) in dry DCM (4 mL) under N2 

atmosphere was added TEA (0.1 mL, 0.72 mmol) and the reaction mixture was 

stirred at r.t. overnight. H2O (10 mL) was added to the reaction mixture and the 
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aqueous phase was extracted with EA (2 × 10 mL). The organic phases were 

combined and washed with brine (10 mL) and dried over anhydrous Na2SO4. 

After removal of solvent, the residue was purified by column chromatography on 

silica gel (DCM : EA = 5 : 1) to afford 23 as a yellow solid (74 mg, 88% yield). 

m. p.: 217–218°C. 

1H NMR (400 MHz, CDCl3): δ 10.30 (1H, s), 9.49 (1H, t, J = 5.8 Hz), 8.79 (1H, 

dd, J = 7.1 Hz, J = 1.9 Hz), 8.76 (1H, s), 8.74 (1H, dd, J = 4.2 Hz, J’ = 1.7 Hz), 

8.14 (1H, dd, J = 8.3 Hz, J’ = 1.7 Hz), 7.56-7.49 (2H, m), 7.45 (1H, d, J = 9.0 Hz), 

7.41 (1H, dd, J = 8.3 Hz, J’ = 4.2 Hz), 6.67 (1H, dd, J = 9.0 Hz, J’ = 2.4 Hz), 6.54 

(1H, d, J = 2.2 Hz), 4.46 (2H, d, J = 5.8 Hz), 3.48 (4H, q, J = 7.1 Hz), 1.26 (6H, t, 

J = 7.1 Hz) ppm. 

13C NMR (100 MHz, CDCl3): δ 167.4, 164.0, 162.6, 157.9, 152.8, 148.6, 148.4, 

138.6, 136.2, 134.1, 131.3, 127.9, 127.3, 121.7, 121.5, 116.7, 110.0, 109.7, 108.4, 

96.7, 45.1, 44.8, 12.4 ppm. 

FT-IR (KBr, ν, cm-1): 3320, 1689, 1645, 1620, 1584, 1514, 1487, 1423, 1187. 

HRMS(MALDI-TOF): m/z calcd. for C25H24N4O4: [M+H+] = 445.1870, found: 

445.1248, [M+Na+] = 467.1690, found: 467.1665. 

4.4 Summary 

In summary, we synthesized a novel fluorescent sensing probe 23 for selective 

detection of Cu2+ with extremely low LOD. Coupled with the use of NEM as the 

scavenger of Cys and GSH in the cells, a 1:1 mixture of 23 and Cu2+ constituted a 
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sensing ensemble which is amenable to intracellular detection of histidine. This 

ensemble device would be further developed as probes for histidine-related signal 

transduction in brain and other cancers. 
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Chapter 5 Ratiometric spiropyran-based 
near-infrared fluorescent pH probe  

5.1 Introduction 

In recent years, chemical sensors capable of measuring pH by optical methods 

have been widely used in analytical chemistry, physiology and the biosciences.1-5 

In the detection of various analytes, fluorescent probes have demonstrated 

outstanding characteristics such as high selectivity, low detection limits, real-time 

detection, and high-throughput.6 Currently, a number of fluorophores based on 

rhodamine,7-9 fluorescein,10 BODIPY,11-14 naphthalenediimide,15 naphthalimide,16 

cyanine,17-20 coumarin,21 and others22-25 have been widely used to design 

fluorescent pH probes covering UV/Vis to NIR operation range. Amongst them, 

most sensing probes change intensity in single-emission window in response to 

the variation of pH. However, fluorescence signals are easily influenced by 

environmental factors, such as temperature, solvent polarity and concentration of 

analytes.16 Therefore, these drawbacks render single-emission fluorescent probes 

inappropriate in the accurate quantitation of chemical species. 

To mitigate the drawbacks intrinsically associated with single-emission 

measurement, the development of ratiometric measurement has been proven to be 

a promising approach. Ratiometric measurement records the fluorescence 

intensity at two wavelengths simultaneously and their ratio is calculated for 

correlating with the concentration of analytes. As a result, ratiometric 
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measurement can provide better accuracy with the built-in correction of two 

emission bands in the detection rather than that obtained by single-emission 

measurement. In general, several types of signal transduction mechanisms can 

provide ratiometric output: intramolecular charge transfer (ICT), fluorescence 

resonance electron transfer (FRET), excimer/exciplex formation and excited state 

intramolecular proton transfer (ESIPT). Up to now, a number of probes based on 

these mechanisms have been reported.26-29 Amongst them, the most remarkable 

photophysical property of the ESIPT probes is the large Stokes shift due to the 

change from the enol-form to the keto-form of probe in the excited state. For 

instance, via ESIPT, the Stokes shift of 2-(2-hydroxyphenyl)benzoxazole (HBO) 

and 2-(2-hydroxyphenyl) benzothiazole (HBT) could be as large as 180 nm.30 As 

a consequence, the self-absorption or the inner filter effect can be minimized by 

these kinds of fluorophores. Therefore, the ESIPT mechanism is an ideal and 

emerging strategy for the design of fluorescent probes. 

Design of NIR fluorophoric probes has become a cutting edge research area 

especially in intracellular sensing due to the high penetration of NIR radiation 

through organic tissues and low fluorescence background.31-35 Spiropyrans (SPs) 

are well known photochromic materials.36 The closed spiropyran form can be 

converted to its ring-opening merocyanine form (MC) under photochemical 

irradiation.36 Furthermore, spiropyran derivatives could also undergo ring-opening 

in the presence of acid to form MC-OH+ and then convert back to the SP form 

after the addition of base (Fig. 5-1).37 Inspired by this transformation, we 
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hypothesized that the incorporation of the benzimidazole moiety into the 

ortho-position of the phenolate oxygen atom in the spiropyran scaffold could 

undergo the ESIPT process after spiropyran ring-opening under acidic conditions. 

Thus, a ratiometric fluorescent output for the measurement of pH in the NIR 

range could be achieved. Although many spiropyran-based probes for the 

detection of metal ions, anions and thiols have been reported,38-41 

spiropyran-based ratiometric NIR pH probes that function in aqueous solutions, 

however, have been rarely exploited.42 

 

Fig. 5-1 Structures of HBO and HBT and reversible photochromism of 

spiropyrans induced by thermal, photochemical and acid-base stimulation. 

5.2 Results and Discussion 

As shown in Scheme 5-1, the synthesis of probe 27 started from the 

commercially available material tert-butylphenol. The known procedure of 

bis-formylation of tert-butylphenol with hexamethylenetetramine (HMTA) in 

trifluoroacetic acid (TFA) gave 24 in 52% yield. The reaction of 24 with 
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1,2-diaminobenzene in ethanol afforded imine 25 in 70% yield. Then 25 was 

subjected to oxidation by DDQ affording the strongly fluorescent trifunctional 

compound 26 in 56% yield. In the presence of morpholine, the target product 27 

was obtained in 30% yield from the treatment of 26 with 1,2,3,3-tetramethyl-3H- 

indol-1-ium iodide in ethanol. The relatively low yield of 27 was due to the strong 

ring-opening tendency of the spiropyran ring system during column 

chromatography in the purification process. The resulting zwitterionic form of 27 

strongly increased the polarity of the compound, thus making it difficult to be 

separated from its impurities. All of the new compounds were well characterized 

by 1H NMR, 13C NMR, ESI-MS and HRMS. To facilitate the proton signal 

assignment in the 1H NMR spectrum of 27, 2D H-H COSY and H-H NOESY 

experiments were performed and interacting protons of the molecule were 

identified (Fig. 5-2 ~ Fig. 5-5). 

 

Scheme 5-1 Synthesis of probe 27. 
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The 1H NMR spectrum of the probe 27 (i.e. two signals at 1.30 and 1.34 ppm 

from the magnetically non-equivalent geminal methyl groups, and the spin–spin 

coupling constant of 10.4 Hz ascribable to the vinyl protons of the pyran moiety) 

unambiguously confirmed its structure that existed mainly in the spirocyclic 

form.43 

  With the new sensing material in hand, we initiated the study of the 

spectroscopic properties of probe 27 (50 µM) in ACN-phosphate buffer (20 mM, 

1:1, v/v). As shown in Fig. 5-6, at a pH above 6.5, 27 showed almost no 

absorption in the range from 370 to 700 nm. 

  To define the responsive rate of the probe, the time course of fluorescence 

measurement of the probe was measured accordingly. The results revealed that a 

 

Fig. 5-2 Partial H-H COSY spectrum of probe 27. 
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Fig. 5-3 Partial 2D H-H NOESY spectrum of probe 27. 

 

Fig. 5-4 2D H-H NOESY spectrum of probe 27. 
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Fig. 5-5 Partial 2D H-H NOESY spectrum of probe 27. 

 

Fig. 5-6 Absorption spectra of 27 (50 µM) in ACN-phosphate buffer (20 mM, 1:1, 

v/v) at different pH. Inset: Plot of absorbance at 397, 450 and 545 nm of 27 (50 

µM) in ACN-phosphate buffer (20 mM, 1:1, v/v) as a function of pH, 

respectively. 
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Fig. 5-7 Photo of probe 27 (50 µM) in ACN-phosphate buffer (20 mM, 1:1, v/v) 

at various pH. 

 

Fig. 5-8 Time course of fluorescence intensity at 517 nm of 27 (50 µM) in ACN- 

phosphate buffer (20 mM, 1:1, v/v) at various pH. 

 

longer response time was required to reach equilibrium under more acidic 

conditions (Fig. 5-8). Thus, to acquire steady readings, the fluorescence spectra 

were collected after 30 min of incubation. The fluorescence response of probe 27 
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observed under acidic conditions. Under neutral conditions, the probe however 

showed a maximum fluorescence intensity at 517 nm (I517) presumably due to the 

fluorescent spiroform of 2738 and negligible fluorescence in the NIR range was 

observed. When pH decreased, I517 decreased with concomitant increase of the 

fluorescence intensity at 690 nm (I690). A clear isoemission point at 620 nm was 

observed. I690 reached its highest value at around pH 5.5. In the pH range from 7.0 

to 5.5, the probe showed a ratiometric change and the ratio (I690/I517) changed  

 

Fig. 5-9 Fluorescence spectra of 27 (50 µM) in ACN-phosphate buffer (20 mM, 

1:1, v/v) in the pH range of (a) 4.0 – 7.0 and (b) 7.0 – 10.0. (c) Plot of I517 and I690 

of 27 (50 µM) in ACN-phosphate buffer (20 mM, 1:1, v/v) as a function of pH, 

respectively. (d) Plot of ratio of I690/I517 as a function of pH. Excitation 

wavelength is set at 397 nm. Excitation/emission slit = 10/10 nm. 
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from 0.08 to 2.11 with a more than 26-fold enhancement in the relative 

ratiometric intensity. When the pH of the solution was decreased from 5.5 to 4.0,  

I690 remained almost constant while I517 was still in the decreasing trend (Fig. 

5-9c). Under basic conditions, I517 also underwent a decreasing trend and a 

slightly bathochromic shift (27 nm) when the pH was increased from 7.2 to 8.6. A 

new hypsochromic emission at 460 nm emerged and increased significantly at a 

pH greater than 8.6 (Fig. 5-9b). Conceivably, the conformation change of the 

benzimidazole moiety relative to the SP system could trigger the observed change. 

The complete de-coupling of the benzimidazole and SP π-system could cause the 

hypochromic shift to 460 nm.38 

  We also performed the pH titration experiment of 27 in ACN with TFA (Fig. 

5-10a). The changing spectral pattern was very consistent with that in aqueous 

ACN solution. In the absence of TFA, probe 27 showed an intense emission band 

at 500 nm and a weak band at 455 nm. Upon addition of TFA, the emission at 455 

nm disappeared quickly and the emission at 500 nm (I500) decreased with 

concomitant increase of a new emission at 700 nm (I700) (Fig. 5-10a). After the 

addition of 0.5 equiv of TFA, I700 did not change any more although I500 still fell 

in a small decreasing trend (Fig. 5-10b). The ratio of I700/I500 varied from 0.02 to 

5.94 after the addition of 0.9 equiv of TFA, with a more than 290-fold 

enhancement in the relative ratiometric intensity. Furthermore, the ratio of I700/I500 

showed a linear response (R2 = 0.994) to the given concentration of TFA (Fig. 

5-10b, Inset), indicating that probe 27 could quantitatively detect H+ concentration 
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(0 – 45 µM) in ACN. The changing fluorescence spectral pattern of 27 in ACN 

solution upon addition of triethylamine (TEA) showed a small difference from 

that in aqueous ACN solution. I500 and I455 remained in a steady increasing trend 

upon the addition of TEA. 

  On the basis of the above results, a proposed signal transduction mechanism for 

the fluorescent probe under acidic and basic conditions is depicted in Fig. 5-11. 

Under neutral conditions, the probe is considered to form an intramolecular 

 

Fig. 5-10 Fluorescence spectra of 27 (50 µM) in ACN upon the addition of TFA 

(a) and TEA (c), respectively. (b): Plot of I500 and I700 and the ratio of I700/I500 

(Inset) versus the ratio of [TFA]/[27], respectively. (d): Plot of I455 and I500 versus 

the ratio of [TEA]/[27], respectively. Excitation wavelength is set at 397 nm. 

Excitation/emission slit = 10/10 nm. 
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hydrogen bond between the NH in the benzimidazole moiety and the oxygen atom 

in the spiropyran unit. As a consequence, rotation of the benzimidazole group was 

restricted and a bathochromic emission at 517 nm compared with that of 

spiropyran group at 475 nm was observed.38 The working mechanism under acidic 

conditions was based on the change in structure between the closed form (SP) and 

opening form (MC-OH+) mediated by protons and the ESIPT mechanism.37 

When the aqueous solution in the pH range of 5.5 – 7.0 or upon addition of 0 – 

0.5 equiv of TFA to ACN solution, the ring-opening of probe 27 underwent an 

ESIPT process from MC-OH+ to MC-NH+ in the excited state. The proton of the 

phenolic group would transfer to the proximal nitrogen atom of the imine group, 

thus the relative position of resulting amino group and the positively charged 

nitrogen atom in the keto-form MC-NH+ are suitable for charge transfer reaction 

via π electron delocalization in the excited state.44 As a result, the keto-form of the 

sensory material displaying an emission at 690 nm increased at the expense of the 

enol-like form emission and the pKa of the probe was calculated to be 5.9.17 The 

nitrogen atom of the benzimidazole moiety can be further protonated (MC-NH2
2+) 

when pH < 5.5 or upon addition of > 0.5 equiv of TFA. The protonation of 

MC-NH+ will inhibit the charge transfer within the molecule and reduce its 

fluorescence. Therefore, the emission intensity of the enol-like form kept on 

decreasing while the emissive peak of the keto-form decreased slowly (Fig. 5-9c). 

  Under basic conditions, the intramolecular hydrogen bond was weakened by 

the increasing basicity of the solution. As a result, the fluorescence intensity at 
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517 nm decreased gradually along with the increase of pH (SP!SP-B1). At pH > 

8.6, the hydroxyl ion present was strong enough to break the intramolecular 

hydrogen bond, rendering free rotation of the benzimidazole moiety possible. 

Thus, the de-coplanarity of the benzimidazole group and the spiropyran unit 

caused a hypsochromic shift to 460 nm (SP-B1!SP-B2). In ACN solution, probe 

27 existed in an equilibrating mixture of SP and SP-B2 forms. The addition of 

TEA also caused the de-coplanarity of the SP form to give the hypsochromic 

emission at 455 nm. 

 

Fig. 5-11 Proposed ring opening and ESIPT mechanism under acidic and basic 

condition. 
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The ring-opening/ring-closing mechanism (Fig. 5-12) in organic solvent 

triggered by TFA and TEA was also supported by 1H NMR titration (Fig. 5-13 

and Fig. 5-14). To a solution of the probe 27 in deuterochloroform (CDCl3) was 

added sequentially portions of TFA, to a total of 3.2 equiv, followed by the 

addition of portions of triethylamine (TEA) to a total of 3.2 equiv, and the 1H 

NMR spectrum was recorded after each addition (Fig. 5-13). Similar to the 

solution of probe 27 in ACN-d3, probe 27 in CDCl3 solution mainly existed in the 

spirocyclic form interlocking with intramolecular hydrogen bonding. Two 

well-separated doublets at δ 6.69 and 7.72 ppm ascribed to H-9 and H-12, 

respectively, confirmed that these two protons are in a non-equivalent chemical 

environment. However, the addition of a small amount of TFA caused the 

disappearance of these two doublets and the appearance of a new broad peak at δ 

7.2 ppm, suggesting the cleavage of the intramolecular hydrogen bond. Thus, the 

free rotation of the benzimidazole moiety made the non-equivalent protons 

chemically equivalent. By the addition of 0 – 0.6 equiv of TFA, no obvious 

chemical shift change of the N-methyl and the gem-dimethyl groups was observed, 

indicating that the spiropyran ring remained intact. A downfield shift of the broad 

peak at δ 7.2 ppm, ascribed to chemically equivalent H-9 and H-12, indicated that 

protonation of the imidazole moiety occurred in this stage. The formation of the 

imidazolium moiety (SP-H+) also induced a small downfield shift of protons at δ 

5.89, 6.67, 7.01 and 8.39 ppm which were ascribed to H-5, H-1, H-6, and H-8 

respectively. Upon further addition of 0.8 – 3.2 equiv of TFA, the gem-dimethyl 
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signals at δ 1.30 and 1.34 ppm gradually coalesced to a single downshifted signal 

at δ 1.86 ppm, while the N-methyl signal at δ 2.76 ppm disappeared with the 

concomitant appearance of two new singlet signals at δ 4.06 and 4.17 ppm, 

indicating the formation of ring-opening products comprising both cis and trans 

isomers (cis-MC-OH+ and trans-MC-OH+). With further addition of TFA, the 

intensity of the N-methyl resonance at δ 4.17 ppm increased at the expense of the 

signal at δ 2.76 ppm. Presumably, the less stable cis-MC-OH+ finally isomerized 

to trans-MC-OH+. At the same time, the vinyl proton H-5 doublet of the 

ring-closed compound at δ 5.90 ppm (J = 10.4 Hz) decreased with the 

concomitant increase of a new doublet signal at δ 8.59 ppm which was attributed 

to the trans-coupled pair of H-5 (J = 16.2 Hz). Also, the signals of H-1 and H-6 at  

 

Fig. 5-12 Proposed structural change of probe 27 caused by the titration with TFA 

(0 – 3.2 equiv) and TEA (0 – 3.2 equiv) in CDCl3. 
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Fig. 5-13 Partial 1H NMR titration spectra (Upper: 1.0 – 4.4 ppm, Bottom: 5.8 – 

8.7 ppm) of probe 27 with stepwise addition of TFA (0 – 3.2 equiv). 
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Fig. 5-14 1H NMR titration spectra of probe 27 with TFA (3.2 equiv) upon the 

stepwise addition of TEA (0 – 3.2 equiv). Peaks * were attributed to be TEA. 

 

δ 6.66 and 7.00 ppm, respectively, disappeared gradually and moved downfield to 

the range of δ 7.3 – 7.8 ppm, and the signal of H-8 at δ 8.53 ppm underwent a 

small upfield shift and decrease, with the concomitant upfield shift and increase of 

a new doublet signal at δ 8.39 ppm, suggesting the conversion of the cis-opened 

form to trans-opened form. Interestingly, neutralization of the acid by the 

stepwise addition of portions of TEA caused a reverse change pattern of the 

spectra compared with that of stepwise addition of TFA to the probe, suggesting 

that the probe 27 is a reversible pH sensor (Fig. 5-14). 

Finally, to define the application scope of the sensor, we investigated the 

interference of metal ions on probe 27 for the pH sensing effect. As shown in Fig. 
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5-15, the fluorescence intensity values at 517 nm and 690 nm were not influenced 

by the addition of a large excess (> 3 mM) of biologically relevant metal ions (i.e. 

Na+, K+, and Ca2+) and 50 µM of various transition metal ions at pH 4.0 and 7.0, 

respectively. Only the presence of Cu2+ quenched the fluorescence completely and 

produced a red colored solution. It is well-known that many multifunctional 

spiropyran-based probes are responsive to Cu2+, displaying the characteristic red 

color due to the formation of the ICT complexes.38 The paramagnetic properties of 

Cu2+, which induce intrinsic fluorescence quenching, turned off the fluorescence 

of the probes.45 Those results imply that probe 27 might be considered as a 

selective fluorescent probe for pH sensing. 

 

Fig. 5-15 Fluorescence intensity of 517 nm (black) and 690 nm (red) of 27 (50 

µM) in ACN-phosphate buffer (20 mM, 1:1, v/v) at pH 4.0 (Left) and pH 7.0 

(Right) upon addition of various metal ions: Na+ and K+ (150 mM), Ca2+ and 

Mg2+ (3 mM), Li+, Ag+, Cu2+, Fe2+, Fe3+, Zn2+, Co2+, Ni2+, Cd2+, Hg2+ and Pb2+ 

(50 µM). 
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5.3 Experimental Section 

General 

1H NMR and 13C NMR spectra were recorded on a Bruker Advance-III 400 

MHz Spectrometer (at 400 and 100 MHz, respectively) using tetramethylsilane 

(TMS) as an internal standard. 2D H-H COSY and H-H NOESY experiments 

were performed using Bruker microprograms. Low-resolution mass spectra were 

recorded on a Finnigan MAT SSQ-710 mass spectrometer while high-resolution 

mass spectra (HRMS) were performed using a Bruker Autoflex mass 

spectrometer (MALDI-TOF). Fluorescence spectra and UV-Vis spectra were 

collected on a PE LS50B and a Cary UV-300 spectrometer, respectively. The 

melting point was determined with MEL-TEMPII melting point apparatus 

(uncorrected). The pH measurements were performed on an Orion 420A pH mV 

temperature meter with a combined glass-calomel electrode. Double-distilled (DI) 

water was used throughout. 

All reagents for synthesis were obtained commercially and were used without 

further purification. Solvents such as trifluoroacetic acid (TFA), ethanol (EtOH), 

acetonitrile (ACN) and dichloromethane (DCM) were purchased from 

commercial sources and were the highest grade. Silica gel (200 – 300 mesh, 

MACHEREY-NAGEL GmbH & Co. KG) was used for column chromatography. 

Analytical thin-layer chromatography was performed using TLC silica gel 60 254 

(aluminum sheets, Merck KGaA). Ag+, Li+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Ni2+, 

Pb2+, Zn2+ and Fe3+ were purchased as perchlorates, K+, Na+ and Mg2+ were 
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purchased as chlorides. These inorganic salts were stored in a vacuum desiccator. 

Sample preparation 

Probe 27 and TFA were dissolved in ACN as a stock solution (5 mM). TFA 

was dissolved in ACN as a stock solution (5 mM). Buffer solution was prepared 

by dissolving disodium hydrogen phosphate dodecahydrate in DI water (20 mM). 

Slight variations in the pH of the solution were achieved by adding minimum 

volumes of NaOH or HCl. 

Absorption and fluorescence analysis 

Absorption spectra and fluorescence emission spectra were obtained with 1.0 

cm quartz cells. The pH titration procedures were as follows: phosphate buffer 

solution (20 mM) at different pH values was mixed with ACN in a 1:1 ratio (v/v), 

then 20 µL of stock solution was added, the mixture was equilibrated for 30 min 

before measurement, or 20 µL of stock solution was added to ACN (2 mL) 

followed by a stepwise addition of TFA stock solution (2 mL), and the mixture 

was equilibrated for 5 min before measurement. Excitation wavelength was set at 

397 nm. Excitation and emission slits were set at 10 nm and 10 nm, respectively. 

1H NMR titration 

Probe 27 (4.6 mg) was dissolved in CDCl3 (0.5 mL) in an NMR tube. Then 

portions of 2.0 mL of a solution of TFA in CDCl3 (1.0 M) were introduced 

successively into the probe solution. After shaking for 1 min, the acquisition of 

the NMR spectrum was carried out. After the addition of 3.2 equiv of TFA, a 

stepwise addition of 2.0 mL of TEA in CDCl3 (1.0 M) and 1H NMR acquisition 
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followed. 

Determination of pKa from fluorimetric titration 

The constants Ka of probe 27 was determined in aqueous buffered solution by 

fluorimetric pH titration according to equation 4. The expression of the 

steady-state fluorescence signal F as a function of the H+ concentration [H+] has 

been derived for the case of a n:1 complex between H+ and probe 27,17, 46-48 

𝐹 =    !!"#  [!!]!  !  !!"#!!
!!  !  [!!]!

        (4) 

In our experiments, probe 27 showed a ratiometric response to H+ concentration 

in the range 7.0 to 5.5, thus, the fluorescence signals Fmin and Fmax were 

considered as the ratio of I690/I517 at minimal and maximal H+ concentration, 

respectively, and n was considered as 1 (the stoichiometry of H+ for spiropyran 

ring opening). Then we get a pKa of 5.9. 

Synthesis 

  2,6-Diformyl-4-tert-butylphenol (24) 

To a solution of 4-tert-butylphenol (2.0 g, 13.3 mmol) in TFA (25 mL) was 

added hexamethylenetetramine (3.9 g, 27.8 mmol) and then the mixture was 

heated to reflux under N2 atmosphere for 24 hours. After cooling, the reaction 

mixture was poured into 6 M HCl (80 mL) and stirred for 20 min. The aqueous 

phase was extracted with DCM (2 × 60 mL) and the combined organic phases 

were washed with 4 M HCl (2 × 80 mL), water (80 mL) and brine (80 mL) 

successively, and then dried over anhydrous Na2SO4. After removal of the solvent, 

the residue was purified by column chromatography on silica gel (PE : EA = 40 : 
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1) to give compound 24 as a light yellow solid (1.44 g, 52% yield). 

m. p. 103–104 °C.49 

1H NMR (400 MHz, CDCl3) δ 11.48 (1H, s), 10.25 (2H, s), 7.99 (2H, s), 1.36 (9H, 

s) ppm. 

13C NMR (100 MHz, CDCl3) δ 192.4, 161.7, 143.1, 134.7, 122.7, 34.3, 31.1 ppm. 

(E)-3-(((2-Aminophenyl)imino)methyl)-5-(tert-butyl)-2-hydroxybenzaldehyde 

(25) 

The mixture 24 (0.31 g, 1.5 mmol) and 1,2-diaminobenzene (0.17 g, 1.6 mmol) 

in absolute EtOH (20 mL) was heated to 50 °C for 6 hours. After cooling, the 

solid was filtered and washed with small portions of EtOH to give compound 25 

as a yellow solid (0.31 g, 70% yield). m. p.: 264–265 °C. 

1H NMR (400 MHz, CDCl3) δ 13.56 (1H, s), 8.63 (1H, s), 7.42 (1H, d, J = 2.3 

Hz), 7.34 (1H, d, J = 2.3 Hz), 7.28-7.24 (m, 1H), 7.06 (1H, dd, J = 7.7 Hz, J’ = 

1.4 Hz), 6.97 (1H, d, J = 8.1 Hz), 6.79 (1H, dt, J = 7.6 Hz, J’ = 1.1 Hz), 6.32 (1H, 

t, J = 5.6 Hz), 4.46 (2H, d, J = 5.8 Hz), 1.33 (9H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 162.2, 157.2, 143.5, 141.8, 136.2, 130.9, 128.2, 

128.1, 125.0, 119.2, 118.0, 117.5, 111.8, 47.3, 34.1, 31.4 ppm. 

  3-(1H-Benzo[d]imidazol-2-yl)-5-(tert-butyl)-2-hydroxybenzaldehyde (26) 

To a suspension of 25 (0.16 g, 0.5 mmol) in DCM (20 mL) was added DDQ 

(0.24 g, 1.0 mmol) and the reaction mixture was stirred at room temperature for 2 

hours. After removal of the solvent, the residue was purified by column 

chromatography on silica gel (PE : EA = 20 : 1) to afford 26 as a yellow solid (90 
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mg, 56% yield). m. p.: 249–251 °C. 

1H NMR (400 MHz, MeOD) δ 10.42 (1H, s), 8.41 (1H, d, J = 2.5 Hz), 7.90 (1H, d, 

J = 2.5 Hz), 7.65-7.63 (2H, m), 7.31-7.28 (2H, m), 1.42 (9H, s) ppm. 

13C NMR (100 MHz, MeOD) δ 193.5, 160.4, 151.8, 143.6, 138.8, 131.8, 129.2, 

124.3, 116.2, 115.9, 35.4, 31.7 ppm. 

ESI-MS: m/z calcd for C18H18N2O2 [M + H+] 295.14, found, 295.3. 

8-(1H-Benzo[d]imidazol-2-yl)-6-(tert-butyl)-1’,3’,3’-trimethyl-spiro[chromene

-2,2’-indoline] (27) 

A mixture of 26 (40 mg, 0.14 mmol) and 1,2,3,3-tetramethyl-3H-indol-1-ium 

iodide (42 mg, 0.14 mmol) in absolute EtOH (10 mL) was heated to reflux under 

N2 atmosphere. A solution of morpholine (24 mg, 0.28 mmol) in absolute EtOH 

(10 mL) was added in a dropwise manner. After addition, the reaction mixture 

was refluxed for 2 hours. Then the solvent was evaporated under reduced pressure 

and the residue was purified by column chromatography on silica gel (PE : EA = 

50 : 1) to afford compound 27 as a pink solid (19 mg, 30% yield). 

1H NMR (400 MHz, CDCl3) δ 9.79 (1H, s), 8.41 (1H, d, J = 2.4 Hz), 7.74 (1H, d, 

J = 8.1 Hz), 7.39 (1H, dt, J = 7.7 Hz, J’ = 1.3 Hz), 7.25 (1H, dd, J = 7.3 Hz, J’ = 

0.8 Hz), 7.21-7.16 (2H, m), 7.12 (2H, dt, J = 7.4 Hz, J’ = 0.9 Hz), 7.01 (1H, d, J = 

10.4 Hz), 6.69 (2H, m), 5.90 (1H, d, J = 10.4 Hz), 2.77 (3H, s), 1.39 (9H, s), 1.34 

(3H, s), 1.30 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 149.6, 149.5, 148.2, 144.0, 142.6, 136.8, 133.5, 

131.1, 128.3, 126.5, 126.0, 122.4, 122.2, 122.0, 120.3, 119.1, 119.0, 117.9, 114.8, 
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110.9, 108.3, 107.4, 51.9, 34.4, 31.5, 29.6, 24.6, 19.7 ppm. 

HRMS (MALDI-TOF): m/z calcd for C30H31N3O [M + H+] 450.2540, found, 

450.2561. 

5.4 Summary 

In summary, we have designed a ratiometric dual-emission pH probe 27 

through the coupling of a pH-responsive spiropyran moiety with a benzimidazole 

segment reacting actively in ESIPT process. This probe could be used for the 

ratiometric measurement of pH values in a range from 7.0 to 5.5, and the pKa of 

the probe was calculated to be 5.9. In the pH range from 7.0 to 5.5, the probe 

showed a ratiometric change and the ratio (I690 /I517) increased from 0.08 to 2.11 

with a more than 26-fold increase in the relative ratiometric intensity. The probe 

could quantitatively detect H+ concentration (0 – 45 µM) in ACN. To our delight, 

the probe suffered no interference from most metal ions with the exception of 

Cu2+. 1H NMR titration confirmed the reversible ring-opening/closing mechanism 

and cis–trans conversion of the spiropyran moiety. 
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Chapter 6 Rational design of fluorescent 
NIR probes for the ratiometric 

measurement of intracellular pH 

6.1 Introduction 

Intracellular pH, an important metabolic and cellular factor, plays critical roles 

in cellular events, such as proliferation and apoptosis,1-5 ion transport and 

homeostasis,6-14 endocytosis,3 and muscle contraction.15-16 The pH of intracellular 

fluid is 7.4,17 while human cytosolic pH ranges between 6.8 – 7.4, and is usually 

higher if a cell is growing.18 Different types of organelles have distinct pH due to 

their unique functions, e.g., endosomes have intracompartmental pH of 4 – 6,19 

pH value of lysosomes ranges from 4.5 – 5.5, while mitochondrial matrix has a 

pH of about 7.8.20 Beyond these pH range may cause serious cellular dysfunction, 

the abnormality in pH could be triggered by many diseases such as cancer21 and 

Alzheimer’s disease.22-24 Thus, the precise measurement of intracellular pH is of 

great significance. 

Fluorescence technique has been an important tool in molecular imaging due to 

its noninvasiveness to cells and spatial-temporal patterns. Most commonly used 

measurement is based on fluorescent OFF–ON method. However, this method 

may be easily influenced by environmental factors such as incident laser power, 

temperature, viscosity, solvent polarity and concentration of analytes.25 A more 

attractive method relies on ratiometric measurement, which records the 
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fluorescence output signal at two wavelengths simultaneously and their ratio is 

calculated for correlating with the concentration of analytes. Therefore, 

ratiometric measurement can provide better accuracy with the built-in correction 

of two emission bands in the detection rather than that obtained by 

single-emission measurement. 

Recently, we have developed a series of pH probes based on ring-opening/ 

ring-closing of spirobenzopyran platform (Fig. 6-1).26-27 However, relatively low 

quantum yield of this type of pH probes renders them unsuitable for the 

biomolecular imaging. On the other hand, Bakker et al28 reported that 

oxazinoindolines dyes could serve as fluorescent H+ turn-on chromoionphores for 

the development of polymeric ion-selective membranes. A consequence of the 

presence of nitro group strongly stabilized the ring-opening form and significantly 

increased their pKa. These types of ring-opening/ring-closing mechanism induced 

by H+/OH- inspired us to develop novel pH probes with high quantum yield, good 

photostability and ability to work under acidic condition. Herein, we reported a 

series of fluorescent pH probes 32 and 38 operative in near-neutral and acidic pH 

ranges, respectively. Furthermore, these probes could be applied in monitoring the  

 

Fig. 6-1 Ring-opening/ring-closing mechanism of spiropyran induced by H+/OH-. 
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intracellular pH fluctuations of living cells. 

Probes 32 and 38 were constructed by connecting a coumarin fluorophore and 

N,O-disubstituted hemiaminal ether moiety through a C=C double bond. 

Hemiaminal ether moiety was not stable enough under acidic condition and would 

be cleaved to form indolenium moiety. The open form molecule extended the 

π-conjugation system of coumarin fluorophore, displaying an emission with a 

bathochromic shift to the NIR range (Fig. 6-2). Besides, the free hydroxyl or 

phenol group would be deprotonated under basic condition to cyclize back to the 

original N,O-disubstituted hemiaminal ether which only emits a short green 

emission similar to that emitted by coumarin fluorophore. Therefore, probes 32 

and 38 could be served as reversible ratiometric pH probes. It was established that 

probes 32 and 38 exhibits pKa at 6.9 and 5.8 – 6.0, which are suitable for pH 

measurement of near-neutral cytosol and acidic organelles such as lysosomes and 

endosomes, respectively. 

 

Fig. 6-2 The proposed reversible pH sensing mechanism of 32 and 38. 
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6.2 Results and Discussion 

 

Scheme 6-1 Synthesis of probes 31, 32 and 38. 
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The synthetic routes for synthesizing probes 32 and 38 are depicted in Scheme 

6-1. Intermediates 28 and 30 were synthesized according to known 

procedures.29-30 Compound 31 was prepared in high yield from the condensation 

of indolenium 28 with aldehyde 30. In the presence of NaOH, 31 can be easily 

converted to 32. The synthesis of 38 with different substituent groups started from 

the corresponding salicylaldehyde. Salicylaldehyde 33 was first protected by 

methoxymethyl (MOM) group, and then the reduction of aldehyde group by 

NaBH4 gave high yield of alcohol 35. The reaction of 35 with mesyl chloride 

(MsCl) affords chloro-substituted compound 36 unexpectedly. The reaction of 36 

with 2,3,3-trimethylindoline in the presence of KI followed by the deprotection of 

MOM group and cyclisation in the presence of NaOH yielded key intermediate 37. 

Finally, the condensation of 37 with aldehyde 30 gave the corresponding probe 38. 

These compounds were fully characterized by 1H NMR, 13C NMR, FT-IR and 

HRMS analysis. In addition, the full structure of compound 38-H was 

unambiguously established by single crystal diffraction method (Fig. 6-3). The 

bond angle of O1-C8-N1 (109.93(11)°), O1-C8-C16 (110.56(12)°), O1-C8-C7 

(106.37(11)°) and N1-C8-C16 (113.18(13)°) indicates the sp3-hybridised 

character of C8. 

The photophysical properties of these probes were studied in identical 

Britton-Robinson buffer (40 mM, containing 50% ACN). Under basic conditions 

(pH = 10), probe 32 showed an absorption maximum at 412 nm (ε = 3.50 × 104 

M-1 cm-1) and an intense fluorescence emission maximum at 500 nm (Φ = 0.74,  
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Fig. 6-3 X-ray crystal structure of 38-H. All hydrogen atoms were omitted for 

clarity (50% probability level for the thermal ellipsoids). 

 

fluorescein in 0.1 M NaOH as standard, Φ = 0.95).31 These results were similar to 

the photophysical properties of 7-diethylaminocoumarin fluorophore. When pH 

decreases from 10 to 4, absorption/fluorescence maximum at 412/500 nm 

decreases with concomitant of increases of that at 575/655 nm (ε = 7.61 × 104 M-1 

cm-1, Φ = 0.075, cresyl violet in MeOH as standard, Φ = 0.53),31 as a result of 

ring-opening process of hemiaminal ether structure to indolenium moiety (Fig. 

6-4 and Fig. 6-5). A clear isosbetic/isoemission point was observed at 459/624 nm. 

The pKa of probe 32 was deduced from the titration curve of emission ratios 

(Fgreen/Fiso) at 500 nm (Fgreen) and isoemission point (Fiso). A sigmoidal plot of the 

emission ratio vs. pH gave a pKa value 6.94 ± 0.05,32-35 indicated that probe 32 is 
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suitable for assessing near-neutral media. Concomitantly, the color of solution 

changed from light yellow to dark violet color and the fluorescence of solution 

changed from cyan to dark red color (Fig. 6-6). 

 

Fig. 6-4 Left: Absorption spectra of 32 (5 µM) in Britton-Robinson buffer (40 

mM, containing 50% ACN) at various pH. Right: Plot of absorbance at 412 nm 

and 575 nm as a function of pH, respectively. 

 

Fig. 6-5 Left: Fluorescence spectra of 32 (5 µM) in Britton-Robinson buffer (40 

mM, containing 50% ACN) at various pH. Excitation wavelength is set at 460 nm. 

Excitation/emission slit = 3/3 nm. Right: Plot of fluorescence intensity at 500 nm 

and 655 nm as a function of pH, respectively. 
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Fig. 6-6 Visual color (Upper) and fluorescence color (Bottom) change of 32 (10 

µM) in Britton-Robinson buffer (40 mM, containing 50% ACN) at various pH 

(from left to right: pH = 3, 4, 5, 6, 7, 8, 9, 10, respectively). 

 

Fig. 6-7 Interference profiles of probe 32 (5 µM) in Britton-Robinson buffer (40 

mM, containing 50% ACN) upon addition of various analytes at pH 4.6 (black bar) 

and 7.4 (red bar), respectively. 
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To assess the interference profile of probe 32, physiologically abundant cations 

(Na+, K+, Mg2+, Ca2+: 10 mM), transition metal ions (Ag+, Li+, Cd2+, Co2+, Cu2+, 

Fe2+, Fe3+, Hg2+, Ni2+, Pb2+, Zn2+: 0.1 mM), amino acids (Arg, Cys, Leu, Ser, Val, 

GSH, glucose, NAC, NEM: 0.1 mM) and other redox substances (0.1 mM), 

including reduced glutathione (GSH), GSH inhibitor N-ethylmaleimide (NEM), 

and GSH precursor N-acetylcysteine (NAC), were studied in Britton-Robinson 

buffer (40 mM, containing 50% ACN) at pH 4.6 and 7.4, respectively (Fig. 6-7). 

The results showed that these substances hardly influence the fluorescence signal 

ratio (Fgreen/Fiso) of probe 32. 

 

Fig. 6-8 Time-dependent profiles of probe 32 (5 µM) in Britton-Robinson buffer 

(40 mM, containing 50% ACN) at pH 5 (black square), 6 (red circle) and 7 (blue 

triangle), respectively. 
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Probe 32 also showed a fast equilibrium and excellent stability in 

Britton-Robinson buffer (40 mM, containing 50% ACN) at pH 5, 6 and 7, 

respectively (Fig. 6-8). Probe 32 reaches its equilibrium within 5 min and gives a 

steady emission output for 2 hours. These results confirmed that probe 32 is an 

excellent candidate for the pH measurement in a biological environment. 

To corroborate the ring-opening mechanism of probe 32 under acidic condition, 

a 1H NMR titration of the probe against the addition of TFA was conducted in 

ACN-d3 solution (Fig. 6-9 and Fig. 6-10). Two well-separated singlets at δ 1.11 

and 1.38 ppm attributed to gem-dimethyl group indicated probe 32 mainly existed 

in spirocyclic form. After addition of 1 equiv of TFA, these two singlets gradually 

disappeared and coalesced to a single downshifted signal at δ 1.78 ppm. 

Meanwhile, two groups of multiplets in the range of δ 3.34 – 3.75 ppm attributed 

to ethylene group moved downsfield and formed two well-separated triplets at δ 

4.01 and 4.51 ppm, respectively. These results indicated the disappearance of 

chiral carbon center. Two doublets at δ 6.60 and 6.73 ppm attributed to 

trans-protons of C=C double bond also downshifted to δ 7.95 and 8.18 ppm 

without change in coupling constant (J = 15.9 Hz). The large downfield shift 

implied the extended π-conjugation system with electron-withdrawing group. On 

the other hand, after the addition of 1 equiv of TFA to the solution of probe 32, 

the spectrum matched well with that of probe 31. All of these results are 

corroborated with the ring-opening mechanism of depicted in Fig. 6-2. 
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Fig. 6-9 Partial 1H NMR titration spectra (only δ 0.8 – 5.0 region shown) of probe 

32 in ACN-d3 upon addition of TFA. 

 

Fig. 6-10 Partial 1H NMR titration spectra (only δ 6.3 – 9.6 region shown) of 

probe 32 in ACN-d3 upon addition of TFA. 
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Considering the different basicity of alkoxy group and aryloxy group, we 

hypothesized that the change from O-alkyl group to O-aryl group in 

N,O-disubstituted hemiaminal ether moiety would effectively tune the pKa of the 

corresponding probes. Three probes 38-H, 38-CF3 and 38-OMe comprising 

different substituent groups in para-position of aryloxy group were synthesized 

and their role as pH probe was investigated. The pKa of these three probes were 

found to be 6.0, 5.8 and 5.8, respectively (Fig. 6-11), indicating the substituent 

groups had only marginal effect on their pKa while they were apparently suitable 

for the pH sensing in acidic media. Compared with probe 32, probe 38 exhibited 

similar photophysical properties and faster reaction rate with H+, and the 

above-mentioned interference species did not influence the response of probe 38 

to H+. These results also confirmed that probe 38 were suitable for the biological 

pH sensing. 

 

Fig. 6-11 Normalized ratio of fluorescence intensity (Fgreen/Fiso) of probe 31, 32, 

38-H, 38-CF3 and 38-OMe as a function of pH. 
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  A preliminary study of probes 31 and 38 towards pH in the biological system 

was carried out by fluorescence microscopy using HK-1 cells as model cells. The 

results showed that these probes stained the cytoplasm, indicating a good 

permeability of these probes (Fig. 6-12). It is noteworthy that a scarce overlap of 

green and red fluorescence window (Fig. 6-12c) confirmed the different pH 

distribution within cytoplasm. Also, these probes could be used to image 

intracellular pH change of living cells. To modify the intracellular pH with the 

external pH buffered solutions, K+ ionophore-treated HK-1 cells pre-labeled with 

probe 38-H were incubated with buffered solutions at pH 8.0 and 4.0, respectively 

(Fig. 6-13). Compared with normal cells, an obvious decrease of green 

fluorescence and increase of red fluorescence was observed when the pH of the 

cells was altered to 4.0, and reversed trend was observed at pH 8.0. More detailed 

experiments such as internal pH calibration will be conducted in the future. 
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Fig. 6-12 Cell permeability of probes 31, 38-H, 38-CF3 and 38-OMe in live cell 

imaging. HK-1 cells were incubated probes 31, 38-H, 38-CF3 and 38-OMe (20 

µM) for 2 hours and imaged under the confocal fluorescence microscope. 

Excitation wavelength was set at 488 nm. Scale bar: 20 µm. From left to right: (a) 

emission collected in green channel (500 – 550 nm); (b) emission collected in red 

channel (640 – 680 nm); (c) merge of images in green channel and red channel; (d) 

bright image of the control. 

 

 

 



 

 133 

 

Fig. 6-13 Fluorescence spectra of normal cells and K+ ionophore-treated HK-1 

cells labeled with 38-H (20 µM) for 2 hours at pH 4.0 and 8.0, respectively. 

Excitation wavelength was set at 488 nm. Scale bar: 20 µm. From left to right: (a) 

emission collected in green channel (500 – 550 nm); (b) emission collected in red 

channel (640 – 680 nm); (c) merge of images in green channel and red channel; (d) 

bright image of the control. 

6.3 Experimental Section 

6.3.1 General 

1H NMR and 13C NMR spectra were recorded on a Bruker Advance-III 400 

MHz Spectrometer (at 400 and 100 MHz, respectively) using tetramethylsilane 

(TMS) as an internal standard. High-resolution mass spectra were performed on a 

Bruker Autoflex mass spectrometer (MALDI-TOF). Fluorescence emission 
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spectra and UV-vis spectra were collected on a PE LS50B and a Cary UV-300 

spectrometer, respectively. The melting point was determined with a 

MEL-TEMPII melting point apparatus (uncorrected). X-ray intensity data were 

measured at room temperature (298 K) on a Bruker AXS Kappa ApexII Duo 

diffractometer using frames of oscillation range 0.3º, with 2º < θ < 28º. The 

structures were solved by the direct method and refined by full-matrix 

least-squares on F2 using the SHELXTL program package. The pH measurements 

were performed on an Orion 420A pH mV temperature meter with a combined 

glass-calomel electrode. IR spectra were taken on a Nicolet Magna-IR 550 

spectrometer in KBr pellets and reported in cm-1. Double-distilled water was used 

throughout. Excitation wavelength was set at 460 nm. Excitation/emission slit = 

3/3 nm. 

All reagents for synthesis were obtained commercially and were used without 

further purification. Solvents such as acetonitrile (ACN), ethanol (EtOH), 

methanol (MeOH) and 1,4-dioxane were purchased from commercial sources and 

were the highest grade, dry N,N-dimethylformamide (DMF) was distilled in 

calcium hydride. Silica gel (200–300 mesh, MACHEREY-NAGEL GmbH & Co. 

KG) was used for column chromatography. Analytical thin-layer chromatography 

was performed using TLC silica gel 60 F254 (aluminum sheets, Merck KGaA). 

Ag+, Li+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Ni2+, Pb2+, Zn2+ and Fe3+ were purchased 

as perchlorates, K+, Na+ and Mg2+ were purchased as chlorides. These inorganic 

salts were stored in a vacuum desiccator. 
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6.3.2 Synthesis 

  1-(2-Hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium bromide (28) 

A solution of 2,3,3-trimethyl-3H-indole (6.0 g, 37.7 mmol) and 2-bromoethanol 

(5.9 g, 47.2 mmol) in ACN (45 mL) was refluxed overnight. After cooling, half of 

the solvent was removed under reduced pressure, the residual solid was filtered 

and washed with hexane to afford 28 as a pink solid (7.95 g, 74% yield). 

m.p.: 204–205 °C. 

1H NMR (400 MHz, DMSO-d6) δ 8.01-7.96 (1H, m), 7.89-7.85 (1H, m), 

7.65-7.61 (2H, m), 4.62 (2H, t, J = 5.0 Hz), 3.89 (2H, t, J = 5.0 Hz), 2.85 (3H, s), 

1.57 (6H, s) ppm. 

13C NMR (100 MHz, DMSO-d6) δ 197.7, 141.8, 141.1, 129.3, 128.8, 123.4, 115.6, 

57.8, 54.2, 50.3, 22.0, 14.4 ppm. 

  7-(Diethylamino)-2H-chromen-2-one (29) 

A solution of 4-dimethylaminosalicylaldehyde (1.93 g, 10.0 mmol), diethyl 

malonate (3.2 g, 20.0 mmol) and piperidine (1.0 mL, 10.0 mmol) in absolute 

EtOH (30 mL) was refluxed for 6 hours under N2 atmosphere. After cooling, 

solvent was removed under reduced pressure. Conc. HCl (20 mL) and glacial 

AcOH (20 mL) were added to the residue and the mixture was refluxed overnight. 

40% NaOH solution was added dropwise until pH of the solution was adjusted to 

5 and then the mixture was stirred for another 30 min in an ice-bath. Precipitate 

formed was filtered and washed with water and air-dried to afford 29 as a light 

brown solid (2.0 g, 92% yield). 
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1H NMR (400 MHz, CDCl3) δ 7.54 (1H, d, J = 9.3 Hz), 7.24 (1H, d, J = 8.8 Hz), 

6.56 (1H, dd, J = 8.8 Hz, J’ = 2.5 Hz), 6.49 (1H, d, J = 2.5 Hz), 6.03 (1H, d, J = 

9.3 Hz), 3.41 (4H, q, J = 7.1 Hz), 1.21 (6H, t, J = 7.1 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ 162.3, 156.7, 150.6, 143.7, 128.7, 109.2, 108.6, 

108.2, 97.5, 44.8, 12.4 ppm. 

  7-(Diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (30) 

POCl3 (3.0 mL, 32.8 mmol) was added dropwise to anhydrous DMF (2 mL) 

and then the mixture was heated to 60 °C for 30 min under N2 atmosphere. A 

solution of 29 (2.0 g, 9.2 mmol) in DMF (10 mL) was added and the mixture was 

stirred at 60°C for 12 hours. After cooling, the mixture was poured onto 150 mL 

of ice-water. 20% NaOH solution was added dropwise to adjust the pH of the 

solution at 6~7. The precipitate formed was filtered, thoroughly washed with 

water and air-dried to afford 30 as a yellow solid (1.6 g, 71% yield). 

m.p. 172–174 °C. 

1H NMR (400 MHz, CDCl3) δ 10.13 (s, 1H), 8.25 (s, 1H), 7.43 (1H, d, J = 9.0 

Hz), 6.64 (1H, dd, J = 9.0 Hz, J’ = 2.4 Hz), 6.49 (1H, d, J = 2.4 Hz), 3.48 (4H, q, 

J = 7.1 Hz), 1.26 (6H, t, J = 7.1 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ 187.9, 161.9, 158.9, 153.4, 145.4, 132.5, 114.2, 

110.2, 108.2, 97.1, 45.3, 12.5 ppm. 

(E)-2-(2-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl)vinyl)-1-(2-hydroxyethyl)

-3,3-dimethyl-3H-indol-1-ium bromide (31) 

A mixture of 28 (118 mg, 0.42 mmol) and 30 (102 mg, 0.42 mmol) in absolute 
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EtOH (10 mL) was refluxed overnight under N2 atmosphere. After cooling, 

solvent was removed under reduced pressure and the residue was purified by 

column chromatography on silica gel (PE : EA = 2 : 1 and then DCM : MeOH = 

30 : 1) to afford 31 as a dark blue solid (182 mg, 85% yield). 

m.p.: > 250 °C decomposed. 

1H NMR (400 MHz, CDCl3) δ 10.22 (1H, s), 8.52 (1H, d, J = 16.2 Hz), 8.14 (1H, 

d, J = 13.1 Hz), 8.11 (1H, d, J = 6.1 Hz), 7.54-7.46 (3H, m), 7.42-7.39 (1H, m), 

6.68 (1H, dd, J = 9.1 Hz, J’ = 2.4 Hz), 6.45 (1H, d, J = 2.3 Hz), 5.25 (1H, t, J = 

7.8 Hz), 4.85 (2H, t, J = 5.3 Hz), 4.20-4.15 (2H, m), 3.50 (4H, q, J = 7.1 Hz), 1.81 

(6H, s), 1.27 (6H, t, J = 7.1 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ 182.0, 161.5, 158.8, 154.4, 149.6, 147.6, 143.0, 

140.7, 134.6, 129.3, 128.6, 122.6, 113.3, 112.8, 111.2, 110.9, 109.6, 96.8, 59.1, 

51.7, 49.5, 45.6, 28.0, 12.6 ppm. 

FT-IR (KBr, ν, cm-1): 3256, 2976, 1720, 1617, 1558, 1499, 1473, 1443, 1349, 

1299, 1279, 1246, 1185, 1136, 1048. 

HRMS (MALDI-TOF): m/z calcd for C27H31N2O3
+

 [M+] 431.2329, found, 

431.2338. 

(E)-7-(Diethylamino)-3-(2-(9,9-dimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]ind

ol-9a-yl)vinyl)-2H-chromen-2-one (32) 

To a solution of 31 (120 mg, 0.23 mmol) in MeOH (5 mL) was added aqueous 

1.0 M NaOH (5mL) and the mixture was stirred at room temperature for 1hour. 

MeOH was removed under reduced pressure and the aqueous phase was extracted 
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with Et2O (3 × 10 mL). The organic phases were combined and washed with 

water (10 mL), dried over anhydrous MgSO4. After removal of solvent, the 

residue was purified by column chromatography on silica gel (PE : EA : TEA = 

100 : 10 : 1) to afford 32 as a green semisolid (78 mg, 77% yield). 

1H NMR (400 MHz, CDCl3) δ 7.59 (1H, s), 7.26 (1H, d, J = 8.8 Hz), 7.16 (1H, dt, 

J = 7.6 Hz, J’ = 1.3 Hz), 7.07 (1H, dd, J = 7.4 Hz, J’ = 0.9 Hz), 6.93 (1H, dt, J = 

7.4 Hz, J’ = 0.9 Hz), 6.81 (1H, dd, J = 15.8 Hz, J = 0.4 Hz), 6.79 (1H, d, J = 7.7 

Hz), 6.67 (1H, d, J = 15.8 Hz), 6.58 (1H, dd, J = 8.8 Hz, J = 2.5 Hz), 6.50 (1H, d, 

J = 2.4 Hz), 3.81-3.77 (1H, m), 3.69-3.60 (2H, m), 3.49-3.40 (5H, m), 1.44 (3H, s), 

1.22 (6H, t, J = 7.1 Hz), 1.17 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 161.2, 155.8, 150.8, 150.6, 139.8, 139.5, 128.9, 

128.0, 127.5, 126.8, 122.4, 121.5, 116.9, 112.0, 110.1, 109.0, 108.8, 97.1, 63.5, 

50.2, 47.9, 44.8, 28.6, 20.4, 12.5 ppm. 

FT-IR (KBr, ν, cm-1): 2967, 2928, 2882, 1713, 1613, 1515, 1476, 1454, 1412, 

1355, 1268, 1194, 1133, 1109, 1073, 1005, 751. 

HRMS (MALDI-TOF): m/z calcd for C27H31N2O3 [M + H+] 431.2329, found, 

431.2297. 

  General synthetic route for compound 34: 

A mixture of 33 and K2CO3 (2.0 equiv) in dry DMF (30 mL) under N2 

atmosphere was cooled in an ice-bath. MOMCl (1.1 equiv) was added dropwise 

and the mixture was stirred at room temperature overnight. Water (100 mL) was 

added to the mixture and the aqueous phase was extracted with Et2O (3 × 50 mL). 
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The organic phases were combined and washed with water (50 mL) and brine (30 

mL), dried over anhydrous MgSO4. After removal of solvent, the residue was 

purified by column chromatography on silica gel to afford 34. 

2-(Methoxymethoxy)benzaldehyde (34-H) 

Light yellow oil, eluent: PE : EA = 20 : 1, yield: 93%. 

1H NMR (400 MHz, CDCl3) δ 10.51 (1H, d, J = 0.8 Hz), 7.84 (1H, dd, J = 7.8 Hz, 

J’ = 1.8 Hz), 7.55-7.51 (1H, m), 7.21 (1H, dd, J = 8.4 Hz, J’ = 0.6 Hz), 7.10-7.06 

(1H, m), 5.31 (2H, s), 3.52 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 189.8, 159.6, 135.9, 128.4, 125.4, 121.9, 115.0, 

94.6, 56.5 ppm. 

2-(Methoxymethoxy)-5-(trifluoromethyl)benzaldehyde (34-CF3) 

Colorless oil, eluent: PE : EA = 20 : 1, yield: 78%. 

1H NMR (400 MHz, CDCl3) δ 10.50 (1H, s), 8.12 (1H, d, J = 2.2 Hz), 7.77 (1H, 

dd, J = 8.8 Hz, J’ = 2.4 Hz), 7.35 (1H, d, J = 8.8 Hz), 5.37 (2H, s), 3.54 (3H, s) 

ppm. 

13C NMR (100 MHz, CDCl3) δ 188.4, 161.5, 132.3 (q, J = 3.4 Hz), 125.9 (q, J = 

3.5 Hz), 125.1, 124.3 (q, J = 33.7 Hz), 123.7 (q, J = 271.5 Hz), 115.4, 94.7, 56.8 

ppm. 

5-Methoxy-2-(methoxymethoxy)benzaldehyde (34-OMe) 

Light yellow oil, eluent: PE : EA = 8 : 1, yield: 88% 

1H NMR (400 MHz, CDCl3) δ 10.47 (1H, s), 7.33 (1H, d, J = 3.2 Hz), 7.18 (1H, d, 

J = 9.1 Hz), 7.12 (1H, dd, J = 9.1 Hz, J’ = 3.2 Hz), 5.25 (2H, s), 3.81 (3H, s), 3.52 
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(3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 189.5, 154.4, 154.3, 125.8, 123.6, 117.1, 109.9, 

95.3, 56.4, 55.8 ppm. 

  General synthetic route for compound 35: 

A solution of 34 in MeOH (20 mL) was cooled in an ice-bath. And then NaBH4 

was added in small portions. The mixture was allowed to warm to room 

temperature and stirred for another 30 min. Diluted HCl was added to destroy 

excess NaBH4 and the organic solvent was removed under reduced pressure. 

Water (20 mL) was added and the aqueous phase was extracted with EA (3 × 30 

mL). The organic phases were combined and washed with brine (30 mL) and 

dried over anhydrous MgSO4. After removal of solvent, the residue was purified 

by column chromatography on silica gel to afford 35. 

(2-(Methoxymethoxy)phenyl)methanol (35-H) 

Colorless oil, eluent: PE : EA = 1 : 1, yield: 100%. 

1H NMR (400 MHz, CDCl3) δ 7.32 (1H, dd, J = 7.4 Hz, J’ = 1.5 Hz), 7.28-7.24 

(1H, m), 7.11 (1H, dd, J = 8.2 Hz, J’ = 0.8 Hz), 7.01 (1H, dt, J = 7.4 Hz, J’ = 1.0 

Hz), 5.24 (2H, s), 4.71 (2H, s), 3.49 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 154.9, 130.0, 128.8, 128.6, 121.9, 114.0, 94.5, 

61.2, 56.1 ppm. 

(2-(Methoxymethoxy)-5-(trifluoromethyl)phenyl)methanol (35-CF3) 

Colorless oil, eluent: PE : EA = 3 : 1, yield: 92%. 

1H NMR (400 MHz, CDCl3) δ 7.64 (1H, d, J = 0.9 Hz), 7.52 (1H, dd, J = 8.6 Hz, 
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J’ = 2.0 Hz), 7.18 (1H, d, J = 8.6 Hz), 5.28 (2H, s), 4.76 (2H, d, J = 6.4 Hz), 3.49 

(3H, s), 2.12 (1H, t, J = 6.4 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ 156.9, 130.5, 125.8, 125.1, 124.3 (q, J = 271.3 

Hz), 123.8 (q, J = 32.6 Hz), 113.4, 94.2, 60.4, 56.2 ppm. 

(5-Methoxy-2-(methoxymethoxy)phenyl)methanol (35-OMe) 

Colorless oil, eluent: PE : EA = 2 : 1, yield: 54%. 

1H NMR (400 MHz, CDCl3) δ 7.04 (1H, d, J = 8.9 Hz), 6.90 (1H, d, J = 3.1 Hz), 

6.78 (1H, dd, J = 8.9 Hz, J’ = 3.1 Hz), 5.16 (2H, s), 4.68 (2H, d, J = 5.3 Hz), 3.78 

(3H, s), 3.49 (3H, s), 2.33 (1H, t, J = 5.3 Hz) ppm. 

13C NMR (100 MHz, CDCl3) δ 154.6, 148.9, 131.5, 115.9, 114.2, 113.4, 95.5, 

61.3, 56.1, 55.6 ppm. 

  General synthetic route for compound 36: 

A solution of 35 and TEA (3.0 equiv) in dry DCM (20 mL) was cooled in an 

ice-bath under N2 atmosphere. MsCl was added dropwise and the reaction mixture 

was stirred at room temperature for 2 hours. 0.1 M Na2CO3 (20 mL) was added 

and the aqueous phase was extracted with DCM (2 × 20 mL). The organic phases 

were combined and washed with brine (20 mL), dried over anhydrous MgSO4. 

After removal of solvent, the residue was purified by column chromatography on 

silica gel to afford 36. 

1-(Chloromethyl)-2-(methoxymethoxy)benzene (36-H) 

Colorless oil, eluent: PE : EA = 10 : 1, yield: 91%. 

1H NMR (400 MHz, CDCl3) δ 7.36 (1H, dd, J = 7.5 Hz, J’ = 1.6 Hz), 7.31-7.26 
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(1H, m), 7.11 (1H, dd, J = 8.3 Hz, J’ = 0.8 Hz), 6.99 (1H, dt, J = 7.5 Hz, J’ = 1.1 

Hz), 5.26 (2H, s), 4.68 (2H, s), 3.51 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 155.0, 130.7, 130.1, 126.6, 121.8, 114.2, 94.2, 

56.2, 41.8 ppm. 

2-(Chloromethyl)-1-(methoxymethoxy)-4-(trifluoromethyl)benzene (36-CF3) 

Colorless oil, eluent: PE : EA = 15 : 1, yield: 95%. 

1H NMR (400 MHz, CDCl3) δ 7.64 (1H, d, J = 2.2 Hz), 7.55 (1H, dd, J = 8.7 Hz, 

J’ = 1.8 Hz), 7.20 (1H, d, J = 8.7 Hz), 5.31 (2H, s), 4.67 (2H, s), 3.51 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 157.4, 127.6 (q, J = 3.4 Hz), 127.2, 127.1, 124.2 

(q, J = 271.3 Hz), 123.8 (q, J = 33.0 Hz), 114.0, 94.2, 56.2, 40.7 ppm. 

2-(Chloromethyl)-4-methoxy-1-(methoxymethoxy)benzene (36-OMe) 

Colorless oil, eluent: PE : EA = 15 : 1, yield: 40%. 

1H NMR (400 MHz, CDCl3) δ 7.06 (1H, d, J = 9.0 Hz), 6.93 (1H, d, J = 3.1 Hz), 

6.82 (1H, dd, J = 9.0 Hz, J’ = 3.1 Hz), 5.18 (2H, s), 4.64 (2H, s), 3.78 (3H, s), 

3.50 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 154.4, 149.0, 127.7, 116.0, 115.8, 114.9, 95.1, 

56.1, 55.6, 41.6 ppm. 

  General synthetic route for compound 37: 

A mixture of 36, 2,3,3-trimethyl-3H-indole (1.1 equiv) and KI (2.0 equiv) in 

ACN was heated to reflux overnight. After cooling, solvent was evaporated and 

the residue was purified by column chromatography on silica gel (PE : EA = 1 : 1 

and then DCM : MeOH = 20 : 1) to afford a red solid. Then this solid was 
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dissolved in 1,4-dioxane (10 mL) and several drops of conc. HCl was introduced. 

The mixture was refluxed for 1 hour. After cooling, solvent was evaporated and 

the residue was fractionated in EA (10 mL) and water (10 mL). The aqueous 

phase was separated and basified with 1 M NaOH and then extracted with EA (2 

× 20 mL). The organic phases were combined and washed with brine (20 mL), 

dried over anhydrous MgSO4. After removal of solvent, the residue was purified 

by column chromatography on silica gel to afford 37. 

5a,6,6-Trimethyl-6,12-dihydro-5aH-benzo[5,6][1,3]oxazino[3,2-a]indole 

(37-H) 

White solid, eluent: PE : EA = 30 : 1, yield: 75% in two steps, m.p.: 126–128 °C. 

1H NMR (400 MHz, CDCl3) δ 7.18-7.08 (4H, m), 6.90-6.82 (2H, m), 6.72 (1H, dd, 

J = 8.2 Hz, J’ = 0.9 Hz), 6.61 (1H, d, J = 7.8 Hz), 4.60 (2H, s), 1.60 (3H, s), 1.59 

(3H, s), 1.23 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 153.2, 147.6, 138.5, 127.8, 127.4, 126.7, 122.1, 

119.9, 119.7, 118.8, 117.8, 108.2, 100.2, 47.8, 40.3, 26.0, 19.1, 16.2 ppm. 

HRMS (MALDI-TOF): m/z calcd for C18H20NO [M + H+] 266.1539, found, 

266.1550. 

5a,6,6-Trimethyl-2-(trifluoromethyl)-6,12-dihydro-5aH-benzo[5,6][1,3]oxazin

o[3,2-a]indole (37-CF3) 

Orange solid, eluent: PE : EA = 30 : 1, yield: 52% in two steps, m.p.: 152–154°C. 

1H NMR (400 MHz, CDCl3) δ 7.43 (1H, s), 7.35 (1H, dd, J = 8.6 Hz, J’ = 1.7 Hz), 

7.18 (1H, dd, J = 7.3 Hz, J’ = 0.8 Hz), 7.13 (1H, dt, J = 7.7 Hz, J’ = 1.2 Hz), 6.87 
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(1H, dt, J = 7.4 Hz, J’ = 0.8 Hz), 6.78 (1H, d, J = 8.6 Hz), 6.62 (1H, d, J = 7.8 Hz), 

4.62 (2H, s), 1.61 (3H, s), 1.60 (3H, s), 1.24 (3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 156.0, 147.0, 138.2, 127.4, 124.9 (q, J = 3.7 Hz), 

124.4 (q, J = 271.2 Hz), 124.1 (q, J = 3.7 Hz), 122.2, 121.9 (q, J = 32.5 Hz), 

120.1,118.8, 118.0,108.2, 101.3, 47.8, 40.0, 26.0, 18.9, 16.2 ppm. 

HRMS (MALDI-TOF): m/z calcd for C19H19F3NO [M + H+] 334.1413, found, 

334.1425. 

2-Methoxy-5a,6,6-trimethyl-6,12-dihydro-5aH-benzo[5,6][1,3]oxazino[3,2-a] 

indole (37-OMe) 

Pale yellow solid, eluent: PE : EA = 20 : 1, yield: 70% in two steps. 

m.p.: 112–113 °C. 

1H NMR (400 MHz, CDCl3) δ 7.09 (1H, dd, J = 7.2 Hz, J’ = 0.8 Hz), 7.05 (1H, dt, 

J = 7.7 Hz, J’ = 1.3 Hz), 6.77 (1H, dt, J = 7.4 Hz, J’ = 0.9 Hz), 6.64-6.57 (3H, m), 

6.53 (1H, d, J = 7.8 Hz), 4.51 (2H, s), 3.72 (3H, s), 1.50 (3H, s), 1.49 (3H, s), 1.15 

(3H, s) ppm. 

13C NMR (100 MHz, CDCl3) δ 152.9, 147.5, 147.0, 138.5, 127.2, 122.0, 119.5, 

119.1, 118.3, 113.8, 111.0, 108.0, 99.7, 55.6, 47.6, 40.5, 25.9, 18.9, 15.9 ppm. 

HRMS (MALDI-TOF): m/z calcd for C19H22NO2 [M + H+] 296.1645, found, 

296.1660. 

  General synthetic route for compound 38: 

To a solution of 37 (1.1 equiv) and 30 (1.0 equiv) in 1,4-dioxane (5 mL) was 

added para-toluenesulfonic acid (0.1 equiv) and the mixture was heated to 80 °C 
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for 1 hour. After cooling, solvent was removed under reduced pressure and the 

residue was dissolved in EA (20 mL). The organic phase was basified with 0.1 M 

NaOH, washed with water (20 mL) and brine (20 mL), dried over anhydrous 

MgSO4. After removal of solvent, the residue was purified by column 

chromatography on silica gel to afford 38. 

(E)-7-(Diethylamino)-3-(2-(6,6-dimethyl-6,12-dihydro-5aH-benzo[5,6][1,3] 

oxazino[3,2-a]indol-5a-yl)vinyl)-2H-chromen-2-one (38-H) 

Light green solid, eluent: PE : EA = 10 : 1, yield: 65%. 

m.p.: > 211 °C decomposed. 

1H NMR (400 MHz, CDCl3) δ 7.50 (1H, s), 7.22 (1H, d, J = 8.9 Hz), 7.12-7.01 

(4H, m), 6.88 (1H, d, J = 16.0 Hz), 6.82-6.77 (2H, m), 6.73 (1H, d, J = 15.9 Hz), 

6.60 (1H, d, J = 7.8 Hz), 6.56 (1H, dd, J = 8.8 Hz, J’ = 2.5 Hz), 6.47 (1H, d, J = 

2.4 Hz), 4.57 (H, d, J = 17.1 Hz), 4.49 (H, d, J = 17.1 Hz), 3.41 (4H, q, J = 7.1 

Hz), 1.53 (3H, s), 1.23-1.19 (9H, m) ppm. 

13C NMR (100 MHz, CDCl3) δ 160.9, 155.8, 153.6, 150.7, 147.5, 140.4, 138.7, 

130.0, 128.9, 127.6, 127.4, 127.3, 126.6, 122.0, 120.0, 119.9, 119.6, 117.2, 116.4, 

109.0, 108.7, 108.4, 101.8, 97.0, 49.9, 44.8, 41.0, 26.7, 18.7, 12.5 ppm. 

FT-IR (KBr, ν, cm-1): 2970, 1713, 1616, 1591, 1517, 1477, 1455, 1414, 1357, 

1314, 1269, 1239, 1191, 1134, 759. 

HRMS (MALDI-TOF): m/z calcd for C32H33N2O3 [M + H+] 493.2485, found, 

493.2491. 
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(E)-7-(Diethylamino)-3-(2-(6,6-dimethyl-2-(trifluoromethyl)-6,12-dihydro-5a

H-benzo[5,6][1,3]oxazino[3,2-a]indol-5a-yl)vinyl)-2H-chromen-2-one 

(38-CF3) 

Green solid, eluent: PE : EA : TEA = 100 : 10 : 1, yield: 71%. 

m.p.: > 166 °C decomposed. 

1H NMR (400 MHz, CDCl3) δ 7.50 (1H, s), 7.30-7.28 (2H, m), 7.22 (1H, d, J = 

8.8 Hz), 7.11-7.06 (2H, m), 6.88 (1H, d, J = 16.0 Hz), 6.86-6.80 (2H, m), 6.68 

(1H, d, J = 15.9 Hz), 6.60 (1H, d, J = 7.8 Hz), 6.56 (1H, dd, J = 8.8 Hz, J’ = 2.4 

Hz), 6.47 (1H, d, J = 2.3 Hz), 4.58 (1H, d, J = 17.4 Hz), 4.51 (1H, d, J = 17.3 Hz), 

3.40 (4H, q, J = 7.1 Hz), 1.52 (3H, s), 1.22-1.18 (9H, m) ppm. 

13C NMR (100 MHz, CDCl3) δ 160.8, 156.3, 155.8, 150.8, 147.0, 140.8, 138.5, 

130.4, 129.0, 127.4, 126.6, 124.9 (q, J = 3.6 Hz), 124.3 (q, J = 271.2 Hz), 124.1 (q, 

J = 3.7 Hz), 122.2, 122.0 (q, J = 32.5 Hz), 120.1, 120.0, 117.5, 116.0, 109.1, 

108.6, 108.5, 102.8, 97.0, 50.0, 44.8, 40.7, 26.7, 18.6, 12.4 ppm. 

FT-IR (KBr, ν, cm-1): 3437, 2969, 1713, 1614, 1593, 1516, 1480, 1413, 1356, 

1332, 1269, 1190, 1125, 1071. 

HRMS (MALDI-TOF): m/z calcd for C33H32F3N2O3 [M + H+] 561.2359, found, 

561.2392. 

(E)-7-(Diethylamino)-3-(2-(2-methoxy-6,6-dimethyl-6,12-dihydro-5aH-benzo 

[5,6][1,3]oxazino[3,2-a]indol-5a-yl)vinyl)-2H-chromen-2-one (38-OMe) 

Green solid, eluent: PE : EA = 10 : 1, yield: 52%, m.p.: > 172 °C decomposed. 

1H NMR (400 MHz, CDCl3) δ 7.49 (1H, s), 7.22 (1H, d, J = 8.8 Hz), 7.10-7.05 
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(2H, m), 6.85-6.77 (2H, m), 6.73-6.68 (2H, m), 6.63-6.54 (4H, m), 6.47 (1H, d, J 

= 2.4 Hz), 4.53 (1H, d, J = 17.2 Hz), 4.46 (1H, d, J = 17.2 Hz), 3.70 (3H, s), 3.41 

(4H, q, J = 7.1 Hz), 1.50 (3H, s), 1.22-1.19 (9H, m) ppm. 

13C NMR (100 MHz, CDCl3) δ 160.9, 155.8, 153.0, 150.6, 147.6, 147.5, 140.3, 

138.7, 130.0, 128.9, 127.4, 127.3, 122.0, 120.3, 119.6, 117.9, 116.5, 113.8, 111.1, 

109.0, 108.7, 108.3, 101.5, 97.0, 55.6, 49.8, 44.8, 41.3, 26.7, 18.6, 12.5 ppm. 

FT-IR (KBr, ν, cm-1): 3435, 2967, 1709, 1614, 1592, 1515, 1496, 1480, 1412, 

1357, 1270, 1191, 1134, 1039. 

HRMS (MALDI-TOF): m/z calcd for C33H35N2O4 [M + H+] 523.2591, found, 

523.2618. 

6.4 Summary 

In summary, a series of ratiometric pH probes operative on 

ring-opening/ring-closing mechanism of N,O-disubstituted hemiaminal group 

have been designed and synthesized. The pKa of these probes range from 5.8 – 6.9 

which suitable for the monitoring of pH fluctuation of near-neutral cytosol and 

acidic organelle. These probes exhibited good cell permeability and showed 

distinct fluorescence emission pattern when the cells was subjected to pH change 

at 4.0 and 8.0. These preliminary results enabled us to conduct more specific and 

detailed experiments in monitoring of pH fluctuation in live cells. 
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Chapter 7 Summary and prospect of the 
research 

Based on different fluorophores and signal transduction mechanisms, a series of 

fluorescent probes for the detection of cations, pH and small molecules have been 

designed and investigated. By the appendage of multi-functional ligand 19 onto 

different molecular scaffolds, three probes 20, 21 and 23-Cu2+ (i.e. as an sensing 

ensemble) have been developed for the highly selective and sensitive detection of 

Fe3+, Zn2+ and histidine operative on CHEF, PET mechanism and sensing 

ensemble approach, respectively. Furthermore, the precise measurement of 

intracellular pH at different locations of the cell is still a great challenge. On the 

basis of previous work in our laboratory, we have developed a spiropyran-based 

probe 27 operative on ESIPT mechanism to provide a ratiometric and colorimetric 

detection of pH in aqueous solution as well as the quantitative measurement of 

concentration of TFA in organic solution. Experimental work revealed that this 

probe was inappropriate for the intracellular pH measurement due to its relatively 

low quantum yield. However its novel acid-base initiating 

ring-opening/ring-closing mechanism inspired us to design a series of pH probe 

32, 38-H, 38-CF3, 38-OMe. In contrast, all these sensing probes have 

demonstrated high quantum yields, good photostability for the spatial-temporal 

detection of intracellular pH operative in near-neutral and acidic pH range. 

Sensing attributes of all these probes are summarized in Table 7-1. 
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Table 7-1 Sensing attributes of fluorescent probes designed and reported in this 

thesis. 

Probe Analyte Mechanism 
Output signal 

characteristics 

Suitability 

for cell 

imaging 

20 Fe3+ CHEF Turn-on No 

21 Zn2+ 
CHEF 

PET 
Turn-on Yes 

23 Histidine Sensing ensemble ON-OFF-ON Yes 

27 pH 

ESIPT 

Ring opening/closing 

mechanism 

Colorimetric 

Ratiometric 

NIR 

No 

32 

38-H 

38-CF3 

38-OMe 

pH 

ICT 

Ring opening/closing 

mechanism 

Colorimetric 

Ratiometric 

NIR 

Yes 

 

Recognizing the design strategies and sensing abilities of these probes, some 

conclusions can be drawn to shed light on the design of an ideal fluorescent 

sensing probe which: (1) can be prepared from simple synthetic procedures with 

high yields; (2) is able to respond selectively and sensitively to the targeting 

analyte; (3) is responsive in aqueous solution, especially in 100% aqueous 

solution so as to be more applicable in cell imaging; (4) can display colorimetric 

and ratiometric output facilitating naked-eye detection and allowing more 

accurate measurement than that of single-emission output; (5) can be excited in 

visible range and can emit NIR emissive output signal; (6) is operative on novel 
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signal transduction mechanism in order to provide a desirable result such as large 

Stokes shift and fluorescent ON-OFF ratio; and (7) is suitable for the detection of 

bioactive species in living cells, especially a spatial-temporal measurement. 

  According to the knowledge acquired in this study, it is noteworthy that our 

newly designed fluorescent probes 20, 21, 23 and 27 are not suitable for further 

modification for the purpose of detecting other analytes due to their absence of 

pertinent functional group which is amenable to be changed or appended by other 

analyte-binding moiety. To mitigate this shortcoming, we have continued our 

effort to explore a more versatile molecular platform for the design of diverse 

fluorescent probes. It should be pointed out that the corresponding hydroxyl and 

phenolic group in the ring-opening form of probe 32 and 38 offer viability to 

conjugate with other functional group such as tert-butyldimethylsilyl (TBDMS), 

thereby a new probe 39 for the detection of fluoride has been designed. However, 

preliminary study revealed that probe 39 only exhibited a moderate response to 

fluoride in pure organic solvent within 30 min. In view of the weaker Si-O bond 

in phenolic group than that in alkyl hydroxyl group, probe 40 is considered to be 

more sensitive to fluoride than probe 39 and its application in aqueous solution is 

envisaged. Conceivably, the appendage of other functional groups such as 

acryloyl and levulinic group to corresponding phenolic group (probe 41 and 42) 

can be utilized for fabricating probes that can differentiate cysteine from 

homocysteine and GSH and can recognize sulfite. Therefore, the ring-opening 

form of probe 38 can be regarded as an ideal molecular platform for the design of 
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a variety of fluorescent probes. Excitedly the research work in this promising area 

is underway. 

Furthermore, the probes in this thesis did not exhibit excellent water solubility 

and thus hindered their application considerably in cell imaging. The introduction 

of additional hydrophilic groups such as carboxylic and sulfonic group can 

improve its solubility in pure aqueous solution. Also, we have special interest in 

the design of organelle-specific probe which permits the direct, real-time 

measurement inside some compartments such as lysosomes and mitochondria. 

Introduction of a suitable anchor onto the above-mentioned ring-opening form of 

probe 38 will confer it with targeting ability for detecting the analyte in different 

organelles of the cells. We envisage that our knowledge and skills in organic 

synthesis will enable us to rationally design other novel fluorescent sensing 

probes for the detection of diverse biologically relevant analyte(s). 

 

Fig. 7-1 Structures of probes 39 – 42. 
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